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Abstract 
The extent to which human settlement has modified the New Zealand landscape is highly debated; 
leading to our perception of what is regarded as a “pristine” environment in comparison to what is 
considered an anthropogenic or naturally altered environment heavily uncertain (McWethy et al 2009). 
East Polynesia, largely consisting of island ecosystems including New Zealand was one of the last places 
where human arrival occurred (Wilmshurst et al 2008). As a result, many regions within New Zealand may 
have escaped the effect of anthropogenic influence. 
Research using paleolimnological techniques is sufficiently lagging in terms of understanding what 
impact catchment burning triggered by Māori and European arrival has had on inland aquatic 
ecosystems. Therefore, this study aimed to 1) Investigate whether human impact signals are apparent in 
an inland aquatic lake ecosystem within a remnant forested catchment and 2) Investigate the impact of 
the paleoclimate over the past 1000 years within the context of potential human disturbance. Lake 
Marion, a small sub-alpine mesotrophic lake located in a supposed forested catchment was examined. It 
has been assumed that this is a non-impact lowland site, suggesting it could be considered a “pristine” 
lake ecosystem. Core chronology down-core using 210Pb and 14C was provided to develop an accurate 
age model. Additionally, the sedimentation record and multiple paleo and environmental proxies including 
macro charcoal, chironomids and macrofossils were analysed to determine whether these signals of 
human impact have influenced the aquatic ecosystem. 
The results indicate a change in the sedimentation record and a statistically significant change in 
chironomid assemblage at around 1480 A.D., rejecting the notion that Lake Marion is considered a 
“pristine” ecosystem. The changes in the paleoclimate, in particular the Little Ice Age and enhanced 
westerlies are indicated to have caused the impact within this catchment. There is suggested evidence of 
Māori impact at around 1500 A.D. identified through the local charcoal and macrofossil record. This 
burning occurs after the changes identified at around 1480 A.D., implying that the paleoclimate influenced 
this local burning rather than Māori arrival. There is no evidence of large charcoal particles within the 
Lake Marion record during the time of European settlement, indicating there was no local burning from an 
anthropogenic influence. The beginning of European settlement coincides with the end of the Little Ice 
Age and a return to a climate similar to that of the Medieval Warm Period observed prior to 1400 A.D., 
indicating the paleoclimate to have contributed to the changes in the sediment record during this time. 
The results using the various paleolimnological techniques and multi-proxy analysis outlined in this study 
will allow for further forested catchments like Lake Marion to be investigated, allowing “pristine” 
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The extent to which human settlement has modified the New Zealand landscape is highly 
debated; leading to our perception of what is regarded as a “pristine” environment in 
comparison to what is considered an anthropogenic or naturally altered environment heavily 
uncertain (McWethy et al 2009). East Polynesia, largely consisting of island ecosystems 
including New Zealand was one of the last places where human arrival occurred (Wilmshurst 
et al 2008). As a result, many regions within New Zealand may have escaped the effect of 
anthropogenic influence. 
 
Research using paleolimnological techniques is sufficiently lagging in terms of understanding 
what impact catchment burning triggered by Māori and European arrival has had on inland 
aquatic ecosystems. Therefore, this study aimed to 1) Investigate whether human impact 
signals are apparent in an inland aquatic lake ecosystem within a remnant forested catchment 
and 2) Investigate the impact of the paleoclimate over the past 1000 years within the context 
of potential human disturbance. Lake Marion, a small sub-alpine mesotrophic lake located in a 
supposed forested catchment was examined. It has been assumed that this is a non-impact 
lowland site, suggesting it could be considered a “pristine” lake ecosystem. Core chronology 
down-core using 210Pb and 14C was provided to develop an accurate age model. Additionally, 
the sedimentation record and multiple paleo and environmental proxies including macro 
charcoal, chironomids and macrofossils were analysed to determine whether these signals of 
human impact have influenced the aquatic ecosystem.  
 
The results indicate a change in the sedimentation record and a statistically significant change 
in chironomid assemblage at around 1480 A.D., rejecting the notion that Lake Marion is 
considered a “pristine” ecosystem. The changes in the paleoclimate, in particular the Little Ice 
Age and enhanced westerlies are indicated to have caused the impact within this catchment. 
There is suggested evidence of Māori impact at around 1500 A.D. identified through the local 
charcoal and macrofossil record. This burning occurs after the changes identified at around 
1480 A.D., implying that the paleoclimate influenced this local burning rather than Māori 
arrival. There is no evidence of large charcoal particles within the Lake Marion record during 
the time of European settlement, indicating there was no local burning from an anthropogenic 
influence. The beginning of European settlement coincides with the end of the Little Ice Age 
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and a return to a climate similar to that of the Medieval Warm Period observed prior to 1400 
A.D., indicating the paleoclimate to have contributed to the changes in the sediment record 
during this time. 
 
The results using the various paleolimnological techniques and multi-proxy analysis outlined 
in this study will allow for further forested catchments like Lake Marion to be investigated, 
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Chapter 1. Introduction. 
 
A “pristine” environment refers to “the condition of an ecosystem relative to that of an 
indigenous ecosystem in its original state” (Meurk & Swaffield 2000). East Polynesia, the 
South Pacific island ecosystems which includes New Zealand was one of the last landmasses 
to be impacted, hence displaying an early Holocene record without humans (Wilmshurst et al 
2008). As a result, large fragments of ‘wilderness’ or ‘untouched’ landscapes within New 
Zealand may have survived direct anthropogenic impacts including deforestation and 
agriculture, leading to the idea that some landscapes may be a pristine environment. Recent 
evidence (Wilmshurst et al 2008; McWethy et al 2010; Woodward et al 2014) concludes that 
a truly pristine landscape may be non-existent with only remnant areas distantly accounted for.  
 
Māori settlement at around 1250-1300 A.D. is thought to have had a severe impact on New 
Zealand ecosystems (Wilmshurst et al 2008; McWethy et al 2009). Paleoecological evidence, 
largely pollen records indicate that New Zealand was dominated by forests prior to settlement 
occurring, with Nothofagaceae (Beech trees) species at higher elevations and Podocarp forests 
at lower elevations (McGlone 1983; McGlone 1989; Burrows & Russell 1990; McWethy et al 
2010; Woodward et al 2014). The age of initial human settlement, evidenced by radiocarbon 
dating of the (introduced) Pacific rat (Rattus exulans) bones and rat gnawed seeds (Wilmshurst 
et al 2008) is also associated with a range of evidence indicating deforestation (McGlone 1989; 
McWethy et al 2010; Woodward et al 2014). A major spike in macro charcoal particles at this 
time of initial human settlement throughout many paleoecological records indicate 
anthropogenic burning to be the main cause of change within terrestrial ecosystems (McGlone 
1989; McGlone & Wilmshurst, 1999; McWethy et al 2010). Similarly, European settlement 
was associated with a more pronounced ecosystem change within New Zealand (McGlone 
1983; Glade 2003; McWethy et al 2010). An influx of charcoal particles and exotic pollen 
evident in paleoecological studies revealed that native forestland was transformed to 
pastureland, with a significant increase in sedimentation rates decreasing the stability of the 
landscape (Wilmshurst 1997; McGlone et al 1995). 
 
Despite the large scale conversion of forest to pastureland which accompanied European 
settlement and expansion, there remains significant regions of New Zealand comprised of 
pristine forest. These are most common in mountainous and high elevation regions in both the 
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New Zealand’s North and South Islands. Both the direct and indirect human impact in these 
areas is less certain by comparison to the studies undertaken in catchments where more 
substantive impacts are evident (McGlone 1989; Schakau 1990; McGlone et al 1995; 
Wilmshurst et al 2008; McWethy et al 2010; Woodward et al 2014). 
 
Because of its late human settlement history and, initially, low population, the New Zealand 
landscape is an ideal setting in which to examine paleoclimate change in the period before  
Māori settlement. Māori arrived within the Medieval Warm Period (MWP), a period of 
anomalously warm conditions between approximately 950 and 1250 A.D. (Cook et al 2002). 
Indeed changes in oceanic circulation during this period may have facilitated Māori vessels 
reaching New Zealand (Goodwin et al 2014). Shortly after the arrival of the Māori, the climate 
cooled and entered what is known as the Little Ice Age (LIA). This period of cooling between 
1400 and 1900 A.D. resulted in temperature and precipitation anomalies, bringing periods of 
wet and dry conditions along with below average temperatures and variable wind directions 
(Lorrey et al 2014). The arrival of the Europeans occurred at the end of this period, with the 
climate returning to warmer than normal conditions similar to that of the MWP (Ahmed et al 
2013). Determining the impact of the LIA on many New Zealand landscapes is problematic 
due to the timing of this period coinciding with the timing of Māori expansion and potential 
impact. This therefore raises the question as to what is regarded as an environment transformed 
by climate, in comparison to what is considered an anthropogenic altered environment.  
 
1.1 Aims and Objectives. 
 
The aim of this study is to examine the paleo-environmental record of Lake Marion, a small 
sub-alpine lake located in a forested catchment in the foothills of the eastern Southern Alps in 
western Canterbury, South Island, New Zealand. In this study, multiple paleo and 
environmental proxies will be used to investigate the timing and magnitude of changes over 
the past 1000 years. 
 
The specific objectives of this aim are to: 
1. Investigate whether human impact signals associated with Māori or European 




2. Investigate the structure and impact of the paleoclimate variability over the past 1000 




Paleolimnology is regarded as the study of reconstructing the paleoenvironment, the change 
associated with human impacts and the paleoclimate using preserved sediment profiles within 
inland aquatic ecosystems (Smol 2008). Advancements in paleolimnology have offered 
increased accuracy using paleolimnological inference techniques to allow past environmental 
conditions within the Holocene to be examined. They have inferred that even wetlands and 
water bodies deemed pristine have been influenced by anthropogenic impacts over time (Smol 
2008). Despite there being a high prevalence in lakes in New Zealand, relatively few 
paleolimnological studies have been undertaken to understand the impact forest burning 
triggered by Māori arrival and subsequent agricultural effects evident by European settlement 
has had on aquatic inland ecosystems (Woodward et al 2014). 
 
Recent studies documenting landscape transformation on the South Island, New Zealand have 
focussed on refining the time of human arrival, detecting vegetation changes and identifying 
the emergence of exotic species into terrestrial ecosystems (McWethy et al 2010; Woodward 
et al 2014). This has been achieved through proxy indicators including pollen, macroscopic 
charcoal and fossil remnants of vertebrate fauna now considered extinct. Evidence of the 
degree of burning caused by anthropogenic influences, Holocene climate effects and the 
subsequent ecological and limnobiotic responses on aquatic ecosystems are scarce, leading to 
limited information towards the degree of impact humans have had on the aquatic landscape 
(McWethy et al 2010). Through using the paleolimnological technique of sediment coring at 
Lake Marion; physical, chemical and biological indicators preserved in the sediment profile 
will infer pivotal information into how the aquatic ecosystem has responded to human arrival 
and climate changes within the Holocene (Woodward et al 2014). Furthermore, this study will 
add to the refinement of paleoenvironmental and biological proxy analysis allowing 
environmental changes caused by human arrival to that of natural changes to be further 
distinguished (Woodward & Shulmeister 2006). Increasing our knowledge of the varying 
anthropogenic impacts aquatic ecosystems suffered throughout the Holocene will help for 
future conservation efforts to be put in place, allowing New Zealand water bodies to be 
appropriately managed based on the degree of impact endured (Woodward et al 2014). 
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1.3 Thesis Structure. 
 
This thesis is divided into seven chapters. Chapter One consists of the introduction providing 
a background of the paleoclimate and settlement into New Zealand, along with the aims and 
objectives, and the rationale of this investigation. In Chapter Two, a review of the paleoclimate, 
settlement history, environmental impacts of settlement and relevant paleo and environmental 
proxies to determine environmental change in lakes through time is presented. The information 
presented in Chapter Two highlights that there has been no real attempt to disentangle the 
possible effect of climate change and human impacts on New Zealand wetlands, focusing more 
on the terrestrial environment rather than the aquatic. It includes relevant case studies in order 
to identify the importance of this investigation. Chapter Three provides an overview of the 
regional setting of the South Island and the area surrounding Lake Marion including the 
geology, tectonic setting, vegetation and climate. Chapter Four outlines the methods used to 
collect, process and analyse the data collected. Chapter Five presents the results concluded 
from the analysis undertaken. The discussion is presented in Chapter Six. Chapter Six presents 
interpretations of the results to suggest Māori burning and subsequent response of the aquatic 
ecosystem to the signals of human impacts identified. Evidence for European impact and 
landscape transformation induced by climate are also provided in Chapter Six. The final 
chapter, Chapter Seven, consists of the conclusion along with recommendations for future 
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Lake Marion was originally selected as a control (non-impacted) lowland site to help detect 
natural or background (presumably climate related) change in a site that is not affected by 
Māori burning. It is evident from this investigation that this site has if fact been impacted, 
evident through signals of landscape modification and human impact that will be discussed 
further within the thesis body.  
 
The aim of this chapter is to first review the paleoclimate of New Zealand. Signals of the past 
fluctuating natural climate observed throughout the Holocene, especially during interglacial 
periods is considered to be a key baseline for assessing how anthropogenic influences have 
impacted the climate globally (Schaefer 2009). For this study a long sediment core was 
examined from New Zealand, with the return date for the core spanning the late Holocene based 
on chronology undertaken (lead-210 and radiocarbon). This review will therefore be focussed 
on the Holocene period in New Zealand (Fig. 1). The settlement history and associated 
environmental impacts will then be discussed. Māori settlement occurred at a time where major 
changes have been recognised in Northern Hemisphere records, i.e. the Little Ice Age (LIA) 
and Medieval Warm Period (MWP). This could make detection of these climate signals in the 
paleo-record difficult in impacted sites. Additionally there may be some interaction between 
the impacts of Māori settlement and climate, for example the fire climate. Furthermore, 
relevant paleo and environmental proxies which allow lakes to be considered records of 
paleoclimate and paleoenvironmental change will be analysed in order to provide accurate 
information to determine subsequent changes in the environment through time. 
 
2.2 Paleoclimate of New Zealand. 
 
2.2.1 Early Holocene (11-8 ka). 
 
The early Holocene period was characterised by a warming trend with significant glacial retreat 
occurring at approximately 11 ka, coeval with the Younger Dryas Period (Fitzsimons 1997). 
Speleothem records within the Mount Arthur region of the South Island analysed by Hellstrom 
et al (1998) indicate drier and warmer than normal conditions at approximately 11-8.5 ka. This 
inference is based on more positive δ13C values during this period. The warming conditions 
found by Hellstrom et al (1998) are further shown through the bog study undertaken in central 
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Canterbury, South Island (McGlone et al 2004). Humid and warmer conditions from 11.8-9.3 
ka were found through an analysis of several proxies within the bog including lithology, pollen 
and macrofossils with annual temperatures increasing to greater than 1 °C than present 
(McGlone et al 2004). Pollen records analysed indicated a substantial increase in the abundance 
of Podocarp species, suggesting this species to be more tolerant and favourable to a warmer 
climate (McGlone et al 2004). Furthermore, the pollen record from the Okarito Wetland on the 
South Island reinforces the warming trend in New Zealand at the beginning of the early 
Holocene whereby a substantial increase in Dacrydium-dominated Podocarp pollen occurring 
around 11 ka presents evidence of indicative warming (Alloway et al 2007). 
 
2.2.2 Mid Holocene (8-4 ka). 
 
A transition to an increased westerly circulation regime is evident during the mid-Holocene 
with an increase in precipitation in southern and western New Zealand (Shulmeister 1999). 
This shift in climate has been attributed to increased zonal flow influences, bringing cooler 
temperatures to the southern and western regions with eastern regions experiencing drier 
conditions (Shulmeister 1999). It has been suggested that the ecological shifts present during 
the mid-Holocene may have been attributed from the transition from a blocking regime to a 
zonal regime, aligning with El-Niño Southern Oscillation (ENSO) activity which was 
considered to have drastically altered the present interglacial (Moy et al 2002). 
 
Pollen analysis in Canterbury, South Island undertaken by Burrows and Russell (1990) 
indicated that the dry conditions experienced in the early-mid Holocene significantly reduced 
around 7-6 ka, coincident of the expansion of F. cliffortiodies beech tree species. Whilst there 
is uncertainty in the identification of the transition from dry to wet conditions within this 
period, the regional expansion of beech forests after 7-6 ka is considered to be the beginning 
of the modern climate, identifying an overall increase in wet conditions along the eastern South 
Island (McGlone & Bathgate 1983; Vangergoes et al 1997). 
 
From 7-3.4 ka, a transition to a milder climate, reduction in seasonality and the presence of 
drier conditions on the South Island was apparent (McGlone et al 1993). Furthermore, evidence 
of humification throughout Eweburn Bog on the South Island in conjunction with the types of 




2.2.3 Late Holocene (4 ka-present). 
 
During 4-3 ka, the climate in New Zealand shifted towards a regime distinguished by cooler 
and drier south-westerly airflows (McGlone 2002). Many pollen records (McGlone & Bathgate 
1983; Vandergoes et al 1997; McGlone & Wilmshurst 1999; Wilmshurst et al 2002) show 
cooler temperatures due to an expansion of F. cliffortiodies beech species in conjunction with 
the decline of Podocarp forest on the South Island. 
 
A high resolution record of the progression of climate and associated atmospheric circulation 
in New Zealand was devised for the last 2000 years of the late Holocene (Lorrey et al 2008). 
This record was divided into four intervals; ~0-400 A.D, 450-750 A.D, 750-1500 A.D and 
1500 A.D- present. Three major climate regimes are present within New Zealand as shown 
through Table 1. The trough, zonal and blocking regimes bring with them precipitation, wind 














Interval One: ~0 A.D-400 A.D. 
The first interval, spanning approximately 0 A.D to 400 A.D was characterised by moderate to 
cool temperatures and frequent blocking circulation (Lorrey et al 2008). Throughout 1-150 
A.D, δ13C levels rose to less-negative values in the Fiordland master speleothem records, 
indicating a blocking climate regime characterised by dry conditions and a mild temperature 
(Lorrey et al 2008). Furthermore, humification residuals present at Eweburn Bog are negative, 
providing more support for the blocking regime (Lorrey et al 2008). Major glacial advances 
Table 1: Climate regimes present within New Zealand (Lorrey et al 2008). 
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throughout the Southern Alps during 200-400 A.D. indicate a transition to a zonal climate 
regime with cold to cool temperatures and enhanced westerly wind direction (Lorrey et al 
2008). Humification residuals present at Eweburn Bog shift to positive values, suggesting 
evidence of a wet climate (Lorrey et al 2008). 
 
Interval Two: 450 A.D-750 A.D. 
The second interval, spanning 450-750 A.D represents a shift to warmer temperatures in 
conjunction with a varying hydroclimate (Lorrey et al 2008). A change to a blocking regime 
with near-neutral temperatures and dry/mixed weather conditions is apparent during interval 
two. This is evident through Eweburn Bog’s negative humification residuals and a movement 
towards less-negative δ13C levels (Lorrey et al 2008). 
 
Interval Three: 750 A.D.-1500 A.D. 
The third interval correlated with variable surface temperatures and an increase in blocking 
circulation, commonly referred to as the New Zealand equivalent of the Medieval Warm Period 
(MWP) (Lorrey et al 2008). 
 
The MWP can be described as a relatively warm epoch first identified in Western Europe 
during 1000-1300 A.D (Cook et al 2002). Debate and uncertainty regarding the global extent 
of the MWP is observed due to its high variability (Cook et al 2002).  
 
Evidence of New Zealand’s paleoclimate through the proposed timeframe of the Northern 
Hemisphere’s MWP has been identified by Cook et al (2002) through tree-ring reconstructions. 
Their investigation using the conifer Lagarostrobos colensoi (silver pine) at Oroko Swamp 
resulted in a tree-line chronology covering the timeframe 700-1999 A.D (Cook et al 2002). 
Calibrated with 20th century Hokitika summer temperatures, two warm intervals were 
identified; one within the 12th century (1137-1177 A.D) with the other indicated towards the 
beginning of the 13th century (1210-1260 A.D) (Cook et al 2002). The two warm periods fall 
within the Northern Hemisphere MWP interval (Cook et al 2002). The MWP within the 
Southern Hemisphere is not homogenous in time as similarly proposed in the Northern 
Hemisphere whereby the two warm periods indicated are punctuated by temperatures well 
below-average as shown through Figure 2 (Cook et al 2002). The MWP present within New 
Zealand was considered to be 0.3-0.5 °C warmer than the temperatures observed at Hokitika, 
where the predominant warming period within the 13th century deemed comparable to the rate 
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of warming observed since 1950 A.D. (Cook et al 2002). Furthermore, Ahmed et al (2013) 
confirmed that the Southern Hemisphere, in particular Australasia sustained a warm period 
through their reconstruction from coral, tree rings and speleothem proxies, concluding a warm 














An interpretation of speleothem isotope (δ18O and δ13C) records investigated by Lorrey et al 
(2008) in the South Island identify warmer than average periods during 900-1200 A.D, 
highlighting similar evidence of the MWP within the Southern Hemisphere (Fig. 3). A blocking 
weather regime, characterised by low precipitation and warmer than average temperatures is 
evident through less-negative δ13C values in the speleothem record during 900-1150 A.D and 
1300-1400 A.D as shown in Figure 2 (Lorrey et al 2008). These two time periods coincide with 
the warm periods concluded by Cook et al (2002), highlighting the MWP to be a major event 







































Interval Four: 1500 A.D-present. 
The fourth and final interval beginning around 1500 A.D and spanning to the start of the 20th 
century was characterised by cooler and wetter conditions along with variable wind circulation 
regimes (Lorrey et al 2008). This interval was the New Zealand equivalent to the Little Ice Age 
(LIA). 
 
Figure 3: Master speleothem δ13C record of the Fiordland in South Island, New Zealand (Lorry et al 2008) along with 
the tree ring climate reconstruction at Oroko Swamp attained by Cook et al (2002).  
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The LIA is considered to be a period of late-Neoglacial glacier advance throughout many 
mountainous areas (Winkler 2000). Glacier advances throughout the European Alps during the 
13th and 14th centuries are recognised to be the beginning of the LIA (Winkler 2004). A study 
undertaken by Ahmed et al (2013) reconstructing past temperatures for seven continental scale 
regions concluded that a cooling trend before 1900 A.D. was significant in all regions except 
North America, with the rate of cooling between 0.1 and 0.3 °C per 1000 years. Australasia 
shows the cooling period to be approximately 1400-1900 A.D. (Ahmed et al 2013). Similar 
studies concluded that the New Zealand Southern Alps moraine chronology and associated LIA 
austral summer temperature anomalies correlate to the time period of 1450-1850 A.D. (Cook 
et al 2002; Lorrey et al 2014). This was derived from palaeoequilibrium line altitudes at cirque 
glacier sites (Lorrey et al 2014). Lorrey et al (2014) suggested that summer temperatures were 
0.56 °C (±0.29 °C) lower than present throughout the Southern Alps, corresponding with Cook 
et al’s (2002) austral summer temperatures devised from tree-ring reconstructions. The cool 
temperatures of the LIA resulted in a transition from the blocking synoptic type to the trough 
synoptic type (Lorrey et al 2014). The trough synoptic conditions brought associated land-
based temperature and precipitation anomalies whereby wetter conditions, below average 
temperatures and varying wind directions were observed (Lorrey et al 2014). Whilst the 
evidence presented by Lorrey et al (2014) is conclusive, there was no age control on the 
moraines used for their investigation, rather, the moraines investigated were assumed to be 
from the LIA due to being nearest to the front of the modern glacier. 
 
Lichenometric-dating techniques through the use of yellow-green Rhizocarpon subgenus have 
identified a LIA maximum at 1725-1730 A.D at Mueller Glacier in the Southern Alps (Winkler 
2000). Further evidence for the LIA maximum are apparent through speleothem records, where 
the δ13C speleothem values at 1725–1900 A.D are evident to being some of the most negative 
values observed in the South Island for the last 4000 years (Lorrey et al 2008). The sudden 
negative δ13C speleothem values following 1650 A.D are linked with the widespread glacier 
expansion occurring throughout the Southern Alps, predominately characterised by very wet 
and cold periods due to a cooler westerly circulation developing (Lorrey et al 2008). 
 
The 20th century was concluded to be the warmest century in Australasia (Ahmed et al 2013). 
In Australasia, the reconstructed temperature for 1971-2000 A.D. was higher than any other 
30-year period reconstructed (Ahmed et al 2013). Although some regions of the Southern 
Hemisphere are synchronous with the Northern Hemisphere temperature changes, a supposed 
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synchronous global MWP and LIA is questioned due to large regional variations that make 
well-defined warm and cold intervals become non-existent (Ahmed et al 2013). 
 
2.3 Environment Prior to Human Settlement. 
 
The landscape of New Zealand prior to initial Polynesian settlement was considered to be 
heavily forested with 85-90 % of the landscape forested with negligible grassland and 
scrubland below the treeline (McGlone 1989). Prior to initial arrival, the axial ranges of New 
Zealand were covered by two prominent forest types, beech and conifer/broadleaved forests 
(McGlone 1989). The South Island was predominantly dominated by a continuous closed-
canopy beech forest at wetter, higher elevations (McWethy et al 2010). Forming the main 
treeline were mountain beech (F. cliffortioides) and silver beech (L. menziesii) species except 
in the central regions of the Southern Alps where alpine conditions predominate (McWethy et 
al 2010). Tall montane conifer-broadleaved forest, largely podocarps were evident leading 
towards the subalpine shrublands at timberline (McGlone 1989). The low podocarp scrub 
dominated valleys and inter-montane basins, characterised by drier conditions and lower 
elevations. (McGlone 1989; McWethy et al 2010). 
  
2.4 Initial Settlement of New Zealand. 
 
East Polynesia, largely consisting of island ecosystems were amongst the last areas to undergo 
human settlement (Wilmshurst et al 2008). Over time, two potential dates of Polynesian-Māori 
settlement have been documented based on ecological and anthropological evidence. These 
dates indicate the timing when we may begin to observe changes in the environment as 
recorded through the sediment core. The first suggested date of Māori settlement from West 
Polynesia into East Polynesia pinpointed settlement to approximately 800 A.D (Anderson 
1991). Groube (1968) used the absence of cultural marae-ahu sacred structures to argue this 
‘orthodox’ or ‘long’ hypothesis. Whilst limited scientific evidence deemed this hypothesis 
problematic, an investigation undertaken by Holdaway (1996) similarly concluded the premise 
of an early settlement at approximately 200 A.D. This proposed date of settlement used 
radiocarbon to date excavated bones from the Pacific rat (R. exulans) species introduced in 
New Zealand, with the dates proposed being on the premise that the introduced rat species 





Further dating using Pacific rat bones has challenged the early series of ages concluded by 
Holdaway (1996). The second proposed date of Māori settlement is considered to be a more 
‘rational’ and ‘short’ hypothesis, identifying settlement to be around the 12th and 13th century 
(Wilmshurst et al 2008). It was argued that the dates obtained by Holdaway (1996) using rat 
bones were older than their actual ‘true’ age due to their diet consisting of old carbon, hence 
producing older ages (Wilmshurst et al 2008). A solution to the potential pitfall of dating rat 
bones saw the dating of rat-gnawed seeds to enable the radiocarbon dates to be representative 
of their real age (Wilmshurst et al 2008). This approach produced a consistent set of 
radiocarbon dates using Accelerator Mass Spectrometry (AMS), concluding that the Pacific rat 
was introduced around 1280 A.D. (Wilmshurst et al 2008). Similarly, many studies predating 
this investigation have evidently showed that there is no evidence of human settlement in New 
Zealand predating the 12th century A.D. A study undertaken by Higham et al (1999) at Wairau 
Bar on the South Island served as direct evidence towards the short chronology whereby Moa 
eggshells from grave sites identify that this site was inhabited within 1250-1300 A.D, 
coincident with Wilmshurst et al’s (2008) earliest settlement date. 
 
The arrival of civilisation of the now native owners of the land, the Māori people negatively 
transformed the environment, with deforestation being a key driver to the change observed 
(Wilmshurst et al 2008). 
 
2.5 Impacts of Initial Settlement. 
 
Once New Zealand became colonised, the vegetation transformed to a landscape of 
predominately grassland and fernland (Williams 2009). Colonisation of Eastern Polynesia, 
including New Zealand by Polynesians was largely that of agricultural-based societies. Fire 
was considered to be the primary agent which severely transformed and fragmented the entire 
landscape, largely through habitual and agricultural uses of the land as metal implements were 
considered scarce (McGlone 1989). New Zealand forests, unlike Australian forests were not 
adapted to the presence of fire with natural fires being neither frequent nor predictable (Perry 
et al 2014). The susceptibility of forests, especially on the South Island to anthropogenic fire 
is inextricably linked to the orographic west-east rainfall effect (McWethy et al 2010). The 
western side of the Southern Alps was relatively untouched and less vulnerable to the effects 
of fire compared to the eastern side which saw drier and drought prone conditions (McWethy 
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et al 2010). Regional sites, for example south-eastern Canterbury, a dry inland district saw an 
order of magnitude increase in soil charcoal at ~950 BP, a date equivalent to a time during the 
12th century (McGlone & Wilmshurst 1999).  
 
A transition from a closed to an open forest consisting of successional shrubs and grasses is 
widely evident throughout the literature, with evidence concluding that greater than 40 % of 
the native forests was cleared following the arrival of the Māori population (McWethy et al 
2010). This is suggested to be due to an intense period of fire activity evident through charcoal 
records on the South Island as shown in Figure 4 (McWethy et al 2010). The records indicate 
a substantial rise of macroscopic charcoal within sixteen watersheds investigated, with the rise 
of charcoal correlating to the timing of the ‘Initial Burning Period’ (IBP) occurring during 
1280-1600 A.D. (McWethy et al 2010). This in turn altered the regolith, increased 
evapotranspiration and increased mineral salt content which made the landscape arid (Williams 
2009). This inference made by Williams (2009) contradicts the study undertaken by Woodward 
et al (2014) who show that the change from forest to grassland lowered the rate of 
evapotranspiration than what was originally observed when the landscape was forested. With 
the absence of forests moving moisture into the atmosphere like a pump, an increase in water 
yield within the catchment is observed, inferring that new wetlands can be created with a 
















Figure 4: Charcoal accumulation levels for each of the sixteen watershed sites within the South Island 
(grey lines). Mean charcoal accumulation rates between 300-2000 A.D. are represented by the black line. 
The grey band indicates Polynesian arrival in New Zealand at 1280 A.D. (McWethy et al 2010). 
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Ignition, either natural (lightning strike or volcanic eruption) or human induced is a key 
component for a fire to begin. Lightning strikes are rare to the east of the Southern Alps due to 
storm events carrying lighting only common on the western side of the Alps (Rogers et al 
2007). The spread of fire is supported by a fuel bed, where depending what is used as a fuel in 
conjunction with conductive weather conditions will determine the degree of flammability. 
Lowland wetlands, including restiad raised bogs are considered a fuel for fire due to their highly 
flammable woody components (McGlone et al 1984). Whilst charcoal evidence within the 
Waikato lowlands conclude that these bogs were subject to fire, there is little evidence to 
conclude that wetland fires spread to indigenous forestland on the South Island before human 
settlement (McGlone et al 1984; Perry et al 2014). Many studies have shown that the start of 
the mid-Holocene saw an increase in fire in the east of the South Island with McWethy et al 
(2010) hypothesising that temperature and the intensity of ENSO events may have increased 
the flammability of the vegetation. McWethy et al (2010) compared the charcoal records along 
with initial burning periods to maximum summer temperatures during this time period. Silver 
pine (Lagarostrobos colensoi) tree-ring chronologies that were calibrated were examined, 
concluding no statistical relationship between summer temperatures and initial fire events at 
the sixteen watershed sites (McWethy et al 2010). The period following the IBP saw the start 
of the LIA in the Holocene. These conditions brought upon a slow recovery of native forests, 
indicating that the regolith was unfavourable to germination in conjunction with the native 
species being poorly adapted to fire (McWethy et al 2010). 
 
Whilst anthropogenic modification of the environment is evident, natural events including 
extreme climate events, erosion, earthquakes, volcanism and fire are also evident due to being 
the “natural background of change” (McGlone 1989). Distinguishing the effects of 
environmental changes caused by human induced processes to that of natural changes 
mentioned above can be problematic, hence further questioning the relationship and current 
status between the past and present environmental landscapes (McGlone 1989). 
 
It was concluded by Fuller et al (2015) that there was scarce evidence that Māori settlement 
and burning impacted the river dynamics and morphology in New Zealand. Rather, the high 
tectonic activity and climate regimes evident in New Zealand was shown to dominate river 
activity in most natural catchment systems (Fuller et al 2015). A high rate of natural erosion 
and sedimentation was shown to be more significant in changing the river catchments and 
activity within parts of the South Island (Fuller et al 2015). Furthermore, North Island 
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catchment changes are dominated by erosion due to tectonic uplift rather than erosion due to 
clearance, obscuring any anthropogenic signal (Fuller et al 2015). While this may be true for 
rivers which may drain from mountainous areas, it may not be true for lowland lakes. Fuller et 
al (2015) provide an exception where river catchment regimes within the east coast region of 
the South Island are concluded to be the works of human impact, leading to catchments being 
inundated with valley floor sediment. 
 
2.6 European Settlement of New Zealand. 
 
Abel Tasman, a Dutch explorer was the first European to sight New Zealand in 1642 A.D 
(Wilson 2005). It was not until 127 years later in 1769 A.D. that British explorer James Cook 
arrived in New Zealand, circumnavigating and mapping both islands (Wilson 2005). This 
facilitated a second wave of settlers into New Zealand occurring during the 18th and 20th 
centuries (Duncan & Young 2000). Whilst it is evident that the Māori settlers colonised near 
coastal plains, lakes and rivers; Europeans settled further inland, transforming the landscape 
from forested hill areas to pasture land (Glade 2003). 
 
2.7 Impacts of European Settlement. 
 
Evidence of landscape transformation to pastureland is concluded by McGlone et al (1995), 
where pollen analysis has revealed Pteridium esculentum spores, commonly known as bracken 
diminished with the expansion of grassland. This evidence corresponded to the time that exotic 
pollen (Rumex acetosella, Plantago lanceolata and Pinus) first appeared at around 1840-1870 
A.D (McGlone et al 1995). 
 
It was found that by 1991 A.D., the area of native forest decreased significantly from 16.2M 
ha to approximately 6.2M ha (Glade 2003). Techniques used during clearance throughout 
European settlement resemble the primitive techniques used by the Māori settlers with fire 
continuing to be the primary agent (McGlone 1983). McGlone (1983) further provides 
evidence regarding the steep mountainous slopes of New Zealand, suggesting that soil 
instability and erosion are linked to burning.  The sediment core studied in Hawke’s Bay, New 
Zealand actively shows the influx of charcoal with the core divided into four zones: 1. Pre-
settlement forest, 2. Early Māori period, 3. Early European settlement and 4. Post 1940 A.D. 
(Wilmshurst 1997). Charcoal fragments found within zone three and four were significantly 
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higher compared to zone one and two, demonstrating the decrease in woody vegetation due to 
fire and leading to the transformation to pastureland (Wilmshurst 1997). 
 
The transition to pastureland decreased the stability of the underlying regolith and slope. This 
in turn made the hilly landscape vulnerable to landslides which was mainly triggered by high 
magnitude/low frequency climatic events and erosion which was triggered by low 
magnitude/high frequency events (Glade 2003). Landslide events are suggested to be related 
to sediment pulses being deposited in typical depositional basins including lakes, estuaries and 
wetlands, increasing eutrophication and forcing these basins to move out of equilibrium (Glade 
2003). Goff and Chagué-Goff’s (1999) study of coastal wetlands in Abel Tasman National Park 
concluded that pre-European sedimentation rates of 0.5-1.7 mm year-1 were significantly 
different to post-European sedimentation rates of 1.6-3.3 mm year-1. They concluded that 
landslides contribute to the influx of sediment. Furthermore, erosion pulses have been shown 
to make up 73 % of the total sediment depth during European settlement, consequently due to 
deforestation and conversion to pastureland (Wilmshurst 1997).  
 
2.8 Wetlands as records of Paleoclimate and Paleoenvironmental change. 
 
Wetland records of New Zealand have been focussed on addressing the dryland vegetation and 
associated climatic influences rather than the study of the wetland itself. Consequently, few 
records detailing the changes in New Zealand wetlands ecosystems in response to impacts, 
both natural (i.e. climatic) and anthropogenic are available. Wetlands provide an accurate 
documentation of New Zealand and the paleoclimate but the unfamiliarity of data interpretation 
and techniques available make wetlands an underutilised resource (McGlone 2009). 
 
Wetlands, consisting of marshes, mires (bogs and fens) and swamps are defined as areas with 
“water-saturated soils”, generally covered by a shallow layer of water (McGlone 2009). The 
arrival of Māori settlement and subsequent anthropogenic burning removed the vegetation 
cover, inducing wetter and herbaceous systems, increasing nutrient flows, altering drainage 
patterns and in some cases initiating new wetlands (McGlone 2009). The major consequence 
of the destruction of forest is the alteration of the hydrology of wetlands, in particular mire 
systems. It was concluded in a study of the Glendhu catchment on the South Island that for 
every 10 % of coniferous forest that is removed from a wetland catchment, the annual water 
yield increases by 40-43 mm (Fahey & Jackson 1997b). This is largely attributed to rainfall not 
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readily intercepted by the canopy cover (Fahey & Jackson 1997b). McGlone (2009) further 
concludes that a deforested wetland catchment can generate 20-25 % more water flow than 
rainfall, carrying more nutrients and changing the vegetation profile of a wetland system. 
Sphagnum growth in the Nokomai wetlands in Otago is evident to be due to the anthropogenic 
burning in the upper catchment of the wetland, increasing the amount of runoff to the bog 
complex (McGlone et al 1995). The removal of forested vegetation decreased the catchments 
water holding capacity, leading to the hydrology of the wetland to change to accommodate 
higher flood yields (McGlone et al 1995). Furthermore, a study on the flanks of Swampy Hill 
in Otago showed a Sphagnum cover formed a dense blanket over this valley mire, attributed to 
the shrubby cover lost during deforestation and subsequent rise in the water table (Walker et al 
2001).  
 
2.9 Lakes as records of Paleoclimate and Paleoenvironmental change. 
 
Lacustrine sedimentary deposits are considered to be natural archives, preserving evidence of 
processes and climatic influences that have shaped the environment overtime (Woodward & 
Sloss 2013). Sediment is constantly accumulated within a lake, largely consisting of biological 
remnants, non-biological material and soil particles (Bigler 2007). It is therefore concluded that 
the sediment sequence present within a lake is a paleoenvironmental archive, inferring 
information about the lake and its catchment setting due to being a preserving environment 
(Bigler 2007). Due to the varied global distribution of lakes, a vast array of proxies can be used 
to analyse the paleoclimate and paleoenvironment. For this reason, choosing the correct proxies 
to analyse patterns of the paleoclimate, paleoenvironment and anthropogenic change is 
dependent on the geographic setting, climatic gradient, vegetation and altitudinal setting of the 
site under investigation. 
 
Obtaining an accurate sediment chronology down-core is essential for interpreting the evidence 
and proxies attained from sediment core archives (Appleby 2001). Lake sediments that are 
annually laminated, termed ‘varves’ provide an accurate age control. Sedimentary records 
deposited in most environments are not varved so further dating techniques need to be applied 
(Bjork & Wohlfarth 2001). The two most widely applied methods are lead-210, a natural 
radioactive isotope of lead, and radiocarbon (Bigler 2007). Lead-210 dating can only be applied 
to sediment which is 0-150 years old due to a relatively short half-life of 22.3 years compared 
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to 14C dating which can be applied to sediment up to 50000 years old due to a half-life of 5730 
years (Bjork & Wohlfarth 2001). 
 
Information regarding the past vegetation, past climate and variations within the lake itself can 
be extracted and analysed from lake sediments. This can be achieved through the deposition of 
plant and invertebrate macrofossils, pollen, diatoms and macro charcoal (Bigler 2007). In 
particular, plant macrofossils, chironomids (non-biting midges) and macro charcoal provide 
the most accurate information to compare changes at Lake Marion, largely due to these proxies 
showing local rather than regional variations in the landscape. 
 
Macrofossil records within lake sediments enable the reconstruction of past vegetation and 
paleoenvironments within lakes, linking their development and succession to environmental, 
climatic and human-induced changes overtime (Birks 2001). A macrofossil is described as a 
fossil which can be seen by the naked eye and be manipulated under a stereo-microscope (Birks 
2001). Plant macrofossils are comprised of diaspores, for example seeds and spores, and 
vegetative parts, for example leaves and rhizomes (Birks 2001). It is evident that seeds and 
fruits can be identified down to the genus and species level, increasing the floristic and 
ecological value for the vegetation reconstruction of an area. Animal macrofossils on the other 
hand are comprised of shells, bones and calcified or chitonous exoskeletons (Birks 2001). 
Terrestrial macrofossils are widely used as material for AMS radiocarbon dating with previous 
studies successfully developing chronologies for specific sites (Birks 2001). Macrofossils tend 
to be less dispersed than microfossils and pollen, representing the local vegetation structure 
with increased taxonomic resolution surrounding the lake and the catchment rather than a 
broader regional area (Birks 2001). Pollen is considered to represent a regional vegetation scale 
with less taxonomic resolution, largely due to windborne properties the pollen exhibits. 
Macrofossils therefore provide a higher level of precision for determining the past structure of 
local vegetation. 
 
Plants macrofossils can infer a number of process changes within a lake and its catchment 
overtime including water depth, turbidity, light penetration and nutrient levels.  Plant 
macrofossils studied at Lake Emma, Lake Clearwater and the Māori Lakes in the Canterbury 
foothills identify the flux of C. corallina oospores to become abundant when a lake becomes 
increasingly turbid (Woodward et al 2014). Although the increase in the turbidity of lakes can 
favour particular species, an increase in suspended sediment or an increase in algal productivity 
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can decrease the scattered light within the lake, therefore reducing other species which may 
use photosynthesis as a fuel source (Woodward et al 2014). Similarly, animal macrofossils 
enable the interpretation of changes to the nutrient and salinity level of a lake, aiding in the 
reconstruction of environmental conditions and human-induced changes to the landscape. It 
was concluded in a study at Lake Forsyth in Canterbury that deforestation through European 
settlement around 1840 A.D. led to eutrophication of the lake, in conjunction with a reduction 
in salinity (Woodward & Shulmeister 2005). These changes are inferred from the abundance 
of caddisfly cases (O. unicolor), with the reduction of salinity becoming an ideal environment 
for their survival (Woodward & Shulmeister 2005). 
 
Chironomidae (non-biting midges), commonly known as chironomids are holometabolous 
insects (Walker 2001). Chironomids are considered to be one of the only freshwater benthic 
macroinvertebrates that can be used to reconstruct the paleoenvironment and the effects of 
human impacts on lake ecosystems (Williams et al 2016). This is due to their chitonous head 
capsules remaining preserved in lake sediments (Williams et al 2016). Climate and in-lake 
process, for example eutrophication are considered the two main environmental parameters 
driving chironomid changes within lakes (Williams et al 2016). 
 
Chironomids have been identified within paleoenvironmental studies to accurately quantify the 
impacts humans have made on lake ecosystems (Woodward & Shulmeister 2006). The study 
undertaken by Woodward et al (2014) concluded that the change in their chironomid 
assemblage coincided with beginning of the Māori impact phase. Chironomid assemblages are 
identified as being unstable during the Early Holocene, indicative of climate change then 
switching to a period of stability during the Late Holocene before human impact and the 
commencement of Māori deforestation (Woodward et al 2014). Variation in chironomid 
assemblages following Māori deforestation were the result of an increased supply of nutrients 
from the catchment along with an increased availability of water into the lakes, hence water 
depth increasing (Woodward et al 2014). An indicative shift in chironomid assemblages at 
Diamond Lake near Wanaka in the Otago region is evident during 1300-1430 A.D. (McWethy 
et al 2010). Although a change in species abundance was evident, for example the increase in 
N. kimihia following the initial burning period and subsequent demise of Cladopelma spp. and 
Tanytarsus vespertinus, it was only considered a subtle change and not to the extent of other 
studies (Woodward et al 2014). Similar changes within chironomid fauna are identified through 
the study at Lake Grassmere in the Cass Basin in North Canterbury whereby the chironomid 
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assemblage post-Māori impact was largely comprised of N.kimihia (Schakau 1990). It was 
suggested that the domination of this chironomid species was due to the abundance of aquatic 
macrophtyes blooming following the influx of nutrients from the effects of deforestation 
(Schakau 1990). 
 
Analysis of charcoal particles preserved within lake sediments can offer an accurate 
reconstruction of the occurrence of fire (Whitlock & Larsen 2001). Advancements in 
technology, analysis and interpretation have increased our understanding about the origins of 
charcoal, emphasising new and improved ways to use charcoal records as a proxy of long term 
variations in the fire record (Whitlock & Larsen 2001). Various characteristics used to interpret 
charcoal records including fire location, size and intensity are used in conjunction with the 
processes that influence the quantity of charcoal produced and the rate of transport (Whitlock 
& Larsen 2001). The diameter of macroscopic charcoal particles control how far each particle 
can be transported (Whitlock & Anderson 2003). Macroscopic charcoal has been found to 
become entrapped within sediment due to airborne fall-out and secondary reworking, 
suggesting that larger macroscopic particles found at a particular site may have been deposited 
from an extra-local or local fire (Whitlock & Larsen 2001). 
 
Environmental alteration is evident through McGlone and Wilmshurst’s (1999) study, 
identifying extensive changes of fire occurrence at a regional scale are the result of 
anthropogenic land use modifications. Regional sites, for example south-eastern Canterbury, a 
dry inland district examined saw an order of magnitude increase in soil charcoal at 1000 A.D. 
(McGlone & Wilmshurst 1999). Furthermore, McGlone et al (1995) identified at around 600 
years B.P. a sharp increase in P. esculentum spores and charcoal percentages in conjunction 
with a rapid decline of woody taxa. Grass pollen was found to immediately peak following the 
rise of P. esculentum spores. This time equates to ~1350 A.D., attributing to the activities of 








Chapter 3. Regional Setting. 
 
3.1 Geology of the South Island. 
 
The bedrock in the study area of my thesis is the Triassic-Jurassic aged Torlesse Group  
(Fig. 5).  
 
The development of the Jurassic-Cretaceous accretionary wedge along East Gondwana has 
permitted a large volume of sediment to accumulate, indurate and metamorphose to form the 
Torlesse group (Gray & Foster 2004). New Zealand was formed through the convergence of 
forearc slope sequences and the Permian-Jurassic Torlesse fan subducting on the edge of the 
Gondwana supercontinent margin (Gray & Foster 2004). The subduction caused the Torlesse 
group to form in an accretionary prism, with the strata sequences progressing from “oldest to 
youngest strata seaward from the converging margin” (MacKinnon 1983). 
 
Lake Marion, outcropping to the east of the Southern Alps lies within the Torlesse Group. This 
group is characterised by interbedded quartzofeldspathic greywacke and argillite with volcanic 
sediment beds, minor limestone and conglomerate and sparse tabular calcareous concretions 
(Gregg 1975). The quartzofeldspathic greywacke is moderately to strongly indurated, mostly 
graded-bedded and turbid (Gregg 1975). The sandstone primarily contains Permian-Jurassic 
undifferentiated sediments of the Southern Alps and Canterbury slopes including quartz, 
plagioclase, muscovite and biotite mineral fragments (Gregg 1975; Mackinnon 1983). Torlesse 
sandstones are typically composed of fine to medium grained sediments and are poorly to 
moderately sorted with sub-angular grains apparent (MacKinnon 1983). The lithic fragments 
within the Torlesse sandstones are silicic volcanics but additionally include fragments of 





























          River gravel, sand and silts 
 
 
           Torlesse Group 
          (Strongly indurated, mostly  
          graded-bedded greywacke and  
          argillite, with beds volcanics)  
 
          Torlesse Group (Schist) 
 
           Postglacial deposits,  
           including river gravel and  
           sand, fan deposits and  
           swamp deposits 
 




3.2 Tectonic Setting of New Zealand. 
 
The microcontinent of New Zealand is situated across the boundary of the Pacific and Indo-
Australian plates, obliquely converging up to 48 mm/yr (Beavan et al 2002). Active tectonics 
between the two plates are dominated by subduction zones, with the Hikurangi and Puysegur 
trenches at the northern and southern ends of the microcontinent and a connecting transverse 
fault as shown through Figure 6 (Williams 1991). The geologic structure of the North Island is 
dominated by the subduction zone of the Pacific plate (Williams 1991). Over much of the South 
Island, a transform plate boundary occurs with the Indo-Australian Plate converging from the 
west at a rate of 45 mm/yr (Williams 1991). The opposing movement results in compression, 



















The major fault line resulting from plate convergence in New Zealand is the Alpine fault (Fig. 
7). The alpine fault is classified as a strike-slip fault, with the two plates sliding past one another 
and converging obliquely to form the Southern Alps (Tenzer & Fadil 2016). The Southern Alps 
have uplifted immediately to the east of the Alpine Fault, reaching elevations >3700 m in the 
central ranges where convergence between the plates is strongest (Norris & Cooper 2000). 
Figure 6: Tectonic setting of New Zealand (Williams 1991). 
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Altitude on the eastern side of the main divide decreases progressively for example in the 
Canterbury region, where rates of uplift are considered to be the lowest recorded on the South 
Island (Norris & Cooper 2000).  
 
The Alpine fault diverges into numerous active dextral faults in the north of the South Island 
shown in Figure 7 commonly called “the Marlborough Fault Zone”. The study area as shown 
by the red dot in Figure 7 lies between two of these faults; the Kakapo Fault and Hope Fault 
(Yang 1991). The Kakapo Fault branches south from the Hope Fault at a dextral rate of 6-12.1 
mm/yr (Yang 1991). The actively seismic Hope Fault is considered New Zealand’s ‘second 
fastest slipping onshore fault’, accruing 20-30 m strike slip within the last 1-2 Ma (Langridge 
& Berryman 2005). It can be concluded that tectonic activity can influence the landscape 
surrounding the fault. Since Lake Marion lies to the south of the Hope Fault, tectonics should 






















Figure 7: Tectonic features of South Island, displaying the Kakapo and Hope Faults in relation to the Alpine Fault. Note: the red dot 





The present day distribution of vegetation on the South Island is largely attributed to variations 
in soils, microclimate, disturbance, drainage and historical factors including glaciation and fire 
(Tonkin & Basher 1990). New Zealand montane forests are comprised of two main formations; 
Beech forests largely consisting of species from the Nothofagaceae family and 
Conifer/Hardwood forests consisting of Podocarpus and Dacrydium species (Wardle 1980). 
Unlike conifer/hardwood forests, the understory within a beech forest is considered to be scarce 
and ‘floristically poor’ (Russell 1980). Coniferous/hardwood forests occur as the primary 
vegetation cover to the west of the Southern Alps due to higher rainfall and a milder climate 
present (Tonkin & Basher 1990). Short and tall tussock grassland, scrubland and beech forest 
occur in the colder, drier and less fertile montane regions east of the divide (Russell 1980). At 
higher elevations a belt of subalpine scrub is present between 950 and 1280 m.a.s.l (Russell 
1980). The scrub composition varies largely and is most abundant in regions where rainfall is 
high, for example to the west of the Southern Alps, and maybe absent in some drier areas on 
the eastern side of the main divide (Russell 1980). Above the subalpine scrub lies a vast array 
of alpine tussock grasslands at 1280-1830 m.a.s.l where up to five species of snowgrass 
(Chionochloa) prevail (Russell 1980). This zone of vegetation covers majority of the Southern 




New Zealand is temperate maritime. It is largely influenced by three weather systems, the 
prevailing Southern Hemisphere mid-latitude westerlies, the sub-tropical convergence 
(southern edge) and the South-easterly trade winds (Salinger & Mullan 1999). The mid-latitude 
westerlies located in the central northern South Island are significant for this study as Lake 
Marion is located where these westerlies predominate. The NW-SW trending ranges control 
the contrasting precipitation rates observed west and east of the Alps due to the intersecting 
moisture-laden air masses (NIWA 2012). A rain shadow (orographic) creates a drier climate to 
the east of the Alps and a wetter climate in the southwest as shown in Figure 8 (NIWA 2012). 
The precipitation to the west of the Alps can reach a maximum of 2000 mm, often exceeding 
this value during ENSO years in contrast to the east coast where precipitation can reach a low 
of 400-600 mm (NIWA 2012). Although located within the rain shadow area on the east of the 
Alps, Lake Marion experiences variable orographic conditions as modern precipitation is 
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relatively high with the median annual total rainfall around 1400 mm (Fig. 8). Atmospheric 
circulation changes during the mid-late Holocene create extreme precipitation and temperature 
changes along the Southern Alps, making the climate relatively different in the recent past 



























3.5 Lake Marion and its Catchment.  
 
Lake Marion was initially chosen as a control site for part of a study undertaken by Dr Craig 
Woodward looking at changes in the hydroclimate and catchment hydrology. The supposed 
Figure 8: Median Annual Total Rainfall (NIWA 2012). Note: red dot shows where the 
study site is located. 
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‘control site’ was presumed to hold evidence of natural or background change, presumably 
climate related that was not affected by Māori burning. Through initial analysis, it has shown 
otherwise. Lake Marion is one of the few forested lake catchments on the eastern side of the 
Southern Alps, more likely to be moisture sensitive compared to the forested catchments 
located on the west coast. 
 
Lake Marion is situated on the Kiwi Saddle within the largely unmodified upper Hurunui 
catchment in Canterbury (42°40’41.92’’S, 172°13’54.16’’E) (De Winton et al 1991). 
Previously described as oligotrophic (Luther & Rzoska 1971), Lake Marion is now classified 
as mildly mesotrophic as shown in Table 2 (Spencer 1978; Vant 1987). The topography 
surrounding this high altitude lake (671 m.a.s.l) is largely due to remnant glacier activity 
present at end of the last ice age in conjunction with the paleoclimate of the Holocene 
(Woodward et al 2014).  
 
 













0.23 0.013 3.13 8.36 16.0 87 
1976  
(Spencer 1978) 
0.39 0.011 3.91 7.65 15.3 96 
2016  
(obtained by Dr 
Craig Woodward) 
0.28 0.011 0.95 7.60 20.9 n/a 
 
The catchment area boundary surrounding Lake Marion is 0.65 km2 with the lake itself being 
0.1 km2 as shown through Figure 9. The catchment area is bound by steep mountainous and 
forested terrain where at higher elevations (950-1350 m.a.s.l), the terrain reaches slopes of  
33-47° as shown through Figure 9. The terrain plateaus around 800 m.a.s.l with the steep slopes 
grading into gentler slopes ranging between 10-19°. The terrain immediately surrounding the 
lake returns to a steep crested terrain especially to the west of the lake, reaching slopes of up 
to 47° before deceasing to shallower slopes of 0-10° at the lake boundary. 
 
Inferences made from sites similar to that of Lake Marion and its catchment indicate that two 
prominent forest types, beech and conifer-broadleaved forests dominated prior to initial 
settlement (McGlone 1989). During cooler conditions in the paleoclimate record, the catchment 






area was predominantly dominated by closed-canopy mountain beech (F. cliffortioides) and 
silver beech (L. menziesii) beech at considerably wetter, higher elevations (McWethy et al 
2010). This was concluded through an inference made by McWethy et al (2010) at multiple 
sites that formerly supported closed canopy beech on the South Island including Diamond 
Lake, Lake Letitia and Horseshoe Lake. During warmer conditions in the palaeoclimate record, 
tall montane conifer-broadleaved forest were evident with the low podocarp scrub dominating 
valleys and inter-montane basins at Otago and Southern Canterbury (McGlone 1989; McWethy 
et al 2010). In the present as shown through Figure 9, lower montane native forests (0-915 
m.a.s.l) located within the Canterbury region and surrounding the Lake Marion catchment are 
still predominately comprised of F. cliffortiodes, with L. menziesii present in small isolated 
patches throughout the montane zone (Russell 1980). Remnant species of podocarp forests 
including Podocarpus spicatus, P. totara, P. dacrydioides occur scarcely throughout lowland 
Canterbury due to New Zealand transitioning from a warmer climate to a cooler climate 
(Russell 1980; Alloway et al 2007). 
 
Mean annual wind speed (km/hr) at Culverden climate station (~55 km from study site) was 
recorded as 8.0 km/hr with the dominant wind direction being from the west-north-west as 
shown through Figure 10 (NIWA 2016b).The mean daily maximum air temperature recorded 
at Boyle River Lodge climate station (~24.8 km from study site) within a given 30-year period 
(1981-2010) ranges from 8.5-22.6 °C, with an average of 15.6 °C. Furthermore, the recorded 
median daily average air temperature ranges from 3.5-15.5 °C with an average temperature 
being 9.7 °C within the same time period, further shown through Figure 11.  
 
The area surrounding Lake Marion experiences a variable level of precipitation due to 
orographic processes present along the Southern Alps. Within a given 30 year period (1981-
2010) on a monthly basis, precipitation recorded at Boyle River Lodge ranges from a minimum 
of 121.1 mm to a maximum of 233.8 mm, with a median annual total rainfall being 2034.0 mm 































Figure 9: a) Shaded relief topography depicting the catchment area boundary surrounding Lake Marion; b) Aerial photograph depicting the catchment area boundary and vegetation intensity 












































Figure 10: Mean annual wind frequencies (%) of surface wind directions within a 
given 30 year period (1981-2010) (NIWA 2016b). 
Figure 11: Median Annual Average Temperature (NIWA 2012). Note: the red 




Chapter 4. Methods. 
 
Fieldwork and core collection, analysis of moisture and organic content and dry bulk density 
was undertaken by Dr Craig Woodward from ANSTO. Additional data production undertaken 
within this thesis includes texture, separation and analysis of macrofossils, chironomids and 
macro charcoal, grainsize analysis and statistical analysis. All methods are however described 
in the following sections of this Chapter. Given the time limit for this thesis, specific proxies 
were chosen that would indicate local changes in the lake catchment rather than proxies like 
pollen for example which indicate regional changes in the wider landscape. 
 
4.1 Core Collection and Sampling. 
 
Fieldwork and core collection was completed by Dr Craig Woodward in February 2016. A 
57.25 cm long sediment core was extracted from the centre of Lake Marion (42°40.6724’S, 
172°13.8903’E) at a water depth of 5.1 m. A Universal corer deployed from a boat was used 
following the approach outlined in Woodward & Sloss (2013). The core was collected using a 
polycarbonate tube attached to the Universal corer. The top of the extracted core was stabilised 
using a polymer gel (Zorbitrol®- Sodium polyacrylate) to reduce mixing during transport. The 
long core was then cut in half using a Geotek core splitter located at ANSTO. Contiguous  
0.5 cm sub-samples were taken from the core by Dr Craig Woodward.  
 
A second core using a gravity corer deployed from a boat was collected from Lake Marion  
2 m from the Universal core at a depth of 5.1 m. A gravity core extruder was then used to 




Core chronology down-core was provided using 210Pb and 14C dating.  
 
4.2.1 Lead-210 Dating. 
 
Due to the long core being irradiated during transportation from New Zealand to Australia, 12 
samples within the top 22.5 cm of the gravity core were used for 210Pb analysis. From each 
subsample, approximately 0.5 g was analysed and processed to determine 210Pb activity 
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through alpha spectroscopy. The 210Pb analysis undertaken on the gravity core was used to 
correlate the four 210Pb dates obtained within the top 11 cm of the long core (Fig. 12). Two tie 
points were used to correlate the 210Pb unsupported activity of the long core with the same 210Pb 
unsupported activity from the gravity core. 
 
Lead-210 is a naturally occurring radionuclide within the 238U decay series (Appleby 2001). 
The use of 210Pb as a geochronological tool is possible because its grandparent 226Ra decays 
producing its daughter isotope 222Rn (Appleby 2001). A portion of the 222Rn escapes into the 
atmosphere where it decays via 218Po to 210Pb, which is then deposited alongside dust and rain. 
The total 210Pb activity in sediment is therefore made up of two components, ‘supported 210Pb’ 
derived from in situ 226Ra decay and ‘unsupported 210Pb’ derived from the atmospheric flux 
(Appleby 2001). Supported 210Pb activity was obtained through alpha spectroscopy by 
measuring 226Ra. Total 210Pb was obtained by measuring the granddaughter isotope of 210Pb, 
210Po. It is assumed that 226Ra and 210Po are in secular equilibrium with 210Pb (Marx et al 2014). 
Unsupported 210Pb was then determined through subtracting the supported 210Pb activity from 
the total 210Pb activity (Appleby 2001). 
 
Determining ages from unsupported 210Pb activity was achieved through using two models, the 
constant initial concentration (CIC) and constant rate of supply (CRS) model. 
 
4.2.2 Radiocarbon Dating. 
 
A total of six samples were selected from the long core for radiocarbon dating (Fig. 12). 
Macrofossils were extracted from each sample depth. These included leaf fragments and twigs 
as shown in Table 3. Leaf fragments and twigs were targeted due to being the short lived 
portions of plants and are less likely to suffer from the ‘old wood effect’. They were identified 











Sample Code Depth (cm) Depth Range (cm) ANSTO Code Sample Description 
Marion LC 11.5-12 cm 11.75 0.25 OZU770 Twig 
Marion LC 19-19.5 cm 19.25 0.25 OZU771 Nothofagaceae leaf 
Marion LC 30-30.5 cm 30.25 0.25 0ZU772 Nothofagaceae leaf 
Marion LC 39.5-40.0 cm 39.75 0.25 OZU773 Twig 
Marion LC 50-50.5 cm 50.25 0.25 OZU774 Large Twig 
Marion LC 56.5-57.0 cm 56.75 0.25 OZU775 Twig 
 
Carbon-14 (half-life 5730 years) is produced from 14N (Bjork & Wohlfarth 2001). Carbon-14 
in the form of CO2 is then absorbed by living organisms during the tissue building phase (Bjork 
& Wohlfarth 2001). Following death, absorption of 14C ceases. Its subsequent radioactive 
decay allows age determination of the time since organism death in fossil carbon material i.e. 
plant remains (Bjork & Wohlfarth 2001).  
 
The samples were pre-treated using an acid-base-acid (AAA) treatment in order to date the 
macrofossils extracted from each sample. This pre-treatment of HCl-NaOH-HCl allowed for 
the removal of contaminants such as carbonates, fulvic and humic acids and CO2 before 
combustion and graphitisation of the samples. The graphite targets were then analysed for 
radiocarbon dating by AMS at ANSTO. This method primarily based on particle counting 
measures the total 14C atoms relative to the proportion of 12C and 13C, producing a ratio to 
calculate the fraction modern (Bjork & Wohlfarth 2001). The 14C/12C ratio within an organism 
is considered to be that of the atmosphere at the time of 1950, prior to the 14C bomb spike from 
nuclear weapons testing (ANSTO 2012). This fractionation must be corrected and normalised 
to the δ13C value of -25% (value for wood) (Bjork & Wohlfarth 2001). Once corrected, a 
radiocarbon age (yrs BP) is calculated using the half-life of 5730 years with the dates obtained 
calibrated to account for fluctuations in the concentration of 14C in the atmosphere. Samples 
were calibrated in BACON using the SHCal13 calibration curve (McCormac et al 2004; 
Blaauw 2010). 
 
A Bayesian age model using the 210Pb and 14C dates was created using the R package version 

































4.3 Organic Content (Loss on Ignition). 
 
Loss in Ignition (LOI) was determined for 115 samples by Dr Craig Woodward ranging the 
depths of 0-57.25 cm. 0.5 cm2 sub-samples, equivalent to approximately 3 g of wet sediment 
were first dried for 12-24 hrs at 105 °C in an oven then cooled in a desiccator to room 
temperature. Once dried, samples were reweighed and the organic matter was combusted to 
ash and carbon dioxide in ceramic crucibles at 550 °C. The resulting sample weight was then 





) ∗ 100 
Figure 12: Summary of the Lake Marion sediment long core detailing where each sample 




where DW105 is the initial sample dry weight (g) and DW550 is the sample dry weight after 
heated at 550 °C (g) (Heiri et al 2001). 
 
The calcium carbonate concentration was then estimated by combustion of the samples at  
950 °C, whereby carbon dioxide is released from carbonate, with oxide remaining (Heiri et al 
2001). Similarly, with the results given on a dry weight basis, the LOI950 was determined using 





) ∗ 100 
with DW550 denoting the sample dry weight after combustion at 550 °C (g), DW950 denoting 
the sample dry weight after heated at 950 °C (g) and DW105 denoting the initial dry weight of 
the sample (g) (Heiri et al 2001). 
 
4.4 Sedimentation Rate. 
 
In order to determine the sedimentation rate, moisture content and dry bulk density was 
completed by Dr Craig Woodward for all 115 samples ranging 0 - 57.25 cm. All wet sediment 
samples were weighed in grams where once weighed, were dried in an oven at 105 °C. Once 
dried, the sediment was re-weighed and recorded in grams. Moisture content for each sample 




(𝑀𝑎𝑠𝑠 𝑜𝑓 𝑤𝑒𝑡 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 (𝑔) − 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 (𝑔)
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑤𝑒𝑡 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 (𝑔)
) ∗ 100 
 
with the moisture content recorded as a percentage. Dry bulk density was determined through 
the following equation, 
 
𝐷𝑟𝑦 𝐵𝑢𝑙𝑘 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑔/𝑐𝑚3) =








Sedimentation rate adjusted for bulk density was determined through the following equation, 
 
𝑆𝑒𝑑𝑖𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 (𝑔/𝑐𝑚2/𝑦𝑒𝑎𝑟) =
𝐷𝑟𝑦 𝐵𝑢𝑙𝑘 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑔/𝑐𝑚3)
𝑇𝑖𝑚𝑒𝑠𝑝𝑎𝑛 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑦𝑒𝑎𝑟𝑠)
 
with sedimentation rate recorded as g/cm2/year. 
 
4.5 Grain Size Analysis. 
 
55 0.5 cm2 subsamples used for grain size analysis ranging from depths of 0-57.25 cm  
(Fig. 12). Because of the high organic content and potentially high clay content of the samples, 
organics were removed prior to grain size analysis by digestion in 10% H2O2 (peroxide).  
Digestion was aided by heating samples 60 °C with additional peroxide added if necessary to 
continue the reaction. Once the reaction was completed, the beakers were taken off the hot 
plate and left to cool. 
 
Once the samples had cooled, 1 ml of a dispersing agent, 0.5M (NaPO3)6 (sodium 
hexametaphosphate) was added to each sample (ANSTO Protocol 2012). The dispersing agent 
was added to disperse any aggregates of clay size particles in order to be sized as individuals 
(ANSTO Protocol 2012). Each sample was then ultra-sonicated in an ultra-sonic bath for  
15 minutes. 
 
Grain size distribution, ranging from 0.01 to 2000 µm was determined using a Malvern 
Mastersizer 2000 laser diffraction spectrophotometer. For each sample, the grain size 
distribution was analysed using laser diffraction of red and blue light. Three replicate analyses 
were measured for each sample with the results averaged. 
 
Results were imported into GRADISTAT Version 8.0 (Blott 2010). Through linear 
interpretation using the Folk and Ward (1957) graphical method, statistical parameters 
including mean grainsize, mode, sorting, skewness and kurtosis were derived in micrometres 






4.6 Biological Proxies. 
 
Samples were deflocculated in 10% KOH (potassium hydroxide), heating the sample gently to 
initiate deflocculation. The deflocculated samples were then washed with distilled water using 




Chironomids head capsules were analysed in 22 samples ranging from 0-57.25 cm through the 
core (Figure 12). A target of 100 chironomid head-capsules within each sample were extracted 
under a binocular microscope at a magnification of between 25 to 50 times in a petri dish. Head 
capsules were first extracted at 25 times magnification from the surface of the water. Head 
capsules that descended onto the petri dish were extracted at 50 times magnification (Walker 
2001). Sorting and separation of the chironomids from other macrofossils within each sample 
was achieved using a stainless steel probe to ensure the early instar head capsules were not left 
unnoticed (Walker 2001). The head capsules were handpicked using fine forceps. 
 
Chironomid head capsules were picked using a grid system of squares placed under the petri 
dish. For each sample, a random square was chosen with all head capsules within that square 
picked and identified. This process was then completed for another random square chosen until 
the required amount of head capsules was obtained. The random sampling protocol was 
employed due to the vast abundance of head capsules, hence creating a way sub-sample in 
order to represent the samples entirety. Chironomid head capsules were transferred into a bead 
of distilled water on a microscopic slide where once dried, were mounted in Euparal®. 
Chironomids were then identified down to species level, using the guide devised by 
Dieffenbacher-Krall et al (2008) and tallied under a transmission microscope at a magnification 




24 samples ranging the depth of the core (0-57.25 cm) were used to analyse plant (aquatic and 
terrestrial) and invertebrate macrofossil remains (Fig. 12). Macrofossils remains were 
identified and tallied under a binocular microscope at 25 to 50 times, following dilution of the 
samples with distilled water within a petri dish. A grid system of squares was placed under the 
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petri dish to provide accuracy and to minimise the risk of repeated species identification. 
Identification was completed under the supervision of Dr Craig Woodward and using previous 
publications including De Winton et al (2007), Wood et al (1998) and Winterbourn et al 
(1981). 
 
4.7 Macro Charcoal. 
 
The macro charcoal concentration of the 115 samples were analysed. Macro charcoal is defined 
as particles >60 to 100 mm in diameter and are characterised as being opaque, angular, planar 
and metallic black in colour (Whitlock & Larsen 2001; Whitlock & Anderson 2003). Macro 
charcoal is friable, breaking easily if inspected closely. Approximately 15 ml of 6 % NaClO 
(bleach) was added to all samples for one week to eliminate pigment present within the organic 
material (Black et al 2007). All samples were then washed thoroughly with distilled water 
using a 90 µm sieve, allowing material greater than 90 µm to be retained. Each sample was 
distributed in a petri dish then photographed using a four megapixel digital camera. Each image 
was analysed using the image analysis software ‘Image J’. The brightness and contrast were 
altered in order for each image to be optimised for charcoal counting. This was achieved based 
on the image’s histogram displaying pixel values from 0-255. A colour threshold was adjusted 
for each image in order to distinguish the features of interest from the background. The features 
of interest, i.e. the charcoal particles were displayed in red. Each image when then made binary 
to allow for the analysis of particles to occur. This allowed quantification of the charcoal 
particles within each sample and total area of charcoal to be obtained. Total area of charcoal 
was divided by the known sediment volume for each sample to give the concentration of 
charcoal present in mm2/ml. Concentration was then converted to charcoal flux using the 
Bayesian age model and expressed as mm2/cm2/year. 
 
Charcoal particles 90-125 µm in diameter are known to travel greater than 7 km from initial 
site of burning (Whitlock & Anderson 2003). Charcoal particles ranging from 126 - 1000 µm 
in diameter can travel less than 7 km with particles greater than 1000 µm in diameter only 
travelling less than 100 m (Whitlock & Anderson 2003). Total count and total area of particles 
belonging to each class were calculated for each sample in µm and µm2 respectively. The total 
count and total area values obtained were then turned into flux by dividing the value by the 
timespan for each sample using the Bayesian age model, being expressed as counts/cm2/year 
and µm2/cm2/year respectively. 
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4.8 Statistical Analysis. 
 
4.8.1 Zonation in Chronomid Species within the Core. 
 
Chironomid species counts were analysed using the multivariate clustering (classical) analysis 
function preformed using the Past software (Hammer et al 2001). This uses a Paired Group 
(UPGMA) algorithim in conjunction with the Euclidean similarity index. The analysis 
confirmed the existance of zones through the core, characterised by different chironomid 
species assemblages. Clarrification of the number of optimal number of zones was achieved 
using a scree plot and the broken stick model. The broken stick model evaluates how many 
statistically significant principal components there are in the data, modelling the variances 
which can be explained by each principal component presented.  
 
4.8.2 Chironomid Multivariate Statistical Analyses. 
 
Principal component analysis (PCA) was undertaken through the multivariate statistical 
analysis program CANOCO (version 4.56) (Ter Braak & Šmilauer 2002) to identify patterns 
and changes in chironomid species through time and to highlight their similarities and 
differences. A preliminary detrended correspondence analysis (DCA) was first performed in 
CANOCO to determine whether the chironomid species response was unimodal or linear. The 
length of the gradient axis was relatively short with a value of 0.581 and explained 33.1% of 
the variance. This result indicated that linear ordination methods were more appropriate in 
displaying chironomid species response, hence a PCA was completed.  
 
PCA was further used to identify patterns and changes in chironomid assemblages present at 
Lake Marion with other New Zealand lowland lakes for which there is comparable chironomid 
data available. The lowland lakes chosen to compare the timing of changes were Lake 
Clearwater, Māori Lakes, Lake Emma and Diamond Lake, all shown to have cleared 
catchments or evidence of local clearance. In order to improve reconstruction reliability, a rule 
was applied to the chironomid dataset whereby taxa that was poorly represented (relative 
abundance <2%) in less than three samples were excluded (Birks 1998). All plots were created 




4.8.3 Chironomid-based Total Nitrogen (TN) Reconstruction. 
 
In order to examine the trophic status of Lake Marion, a modern New Zealand lowland lake 
chironomid training set devised by Woodward and Shulmeister (2006) along with the total 
nitrogen transfer function devised by Woodward (2013) was employed. The trophic state of a 
lake can be inferred by quantifying the lakes productivity, with productivity being determined 
through several criteria including Chlorophyll-α, dissolved oxygen, total phosphorus and total 
nitrogen. The modern training set contained 40 lakes classified as being below the upper 
altitudinal limit of the tree line (Woodward 2013). The training set was compiled from surface 
sediment samples from a multitude of lakes spanning a large trophic gradient from 
microtrophic to hypertrophic. With the use of multivariate analysis, a determination of the main 
drivers of changes in chironomid species within the training set can be attained. In Woodward 
and Shulmeister’s (2006) training set, total nitrogen was the most important variable explaining 
the variation in chironomid species in lowland lakes. The methods used in this thesis to 
complete the reconstruction were attained from the recommendations outlined in Woodward 
(2013). Poorly represented species (relative abundance <2%) in less than three samples were 
excluded from the analysis following (Birks 1998). 
 
The total nitrogen (TN) transfer function was developed using the computer software program 
C2 Version 1.5.1 (Juggins 2007). A number of models were applied to the data including 
Weighted Averaging (WA), Weighted Averaging Partial Least Squares (WAPLS), Modern 
Analogue Technique (MAT) and Partial Least Squares (PLS). The output of bootstrapped (with 
999 iterations) performance statistics (r2, Root Mean Squared Error of Prediction (RMSEP) 
and Maximum Bias) determined which model was ultimately selected to interpret the data 
(Woodward 2013). 
 
The statistical significance of the reconstruction undertaken was tested in order to determine 
how much of the variance in chironomid species present at Lake Marion is explained through 
this reconstruction. This was achieved through a constrained ordination performed using 
CANOCO. The method to determine whether the chironomid species response was unimodal 
or linear was achieved using the same process outlined in 4.8.2. A redundancy analysis (RDA) 
linear ordination was chosen as the most appropriate ordination for this reconstruction dataset. 
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Chapter 5. Results. 
 
5.1 Visual Stratigraphy. 
 
In this section, an overview of the sedimentary structure of the core is provided.  
 
The Lake Marion sediment core is 57.25 cm long and is characterised as a silty mud with 
varying levels of organic content. The sediment core shows a slight decrease in silt and an 
increase in sand, along with a low percentage of clay decreasing towards the top of the core 
profile. The core contains eight distinct units of interbedded dark and light units, each 
containing different levels of clay, silt and sand content. These units are represented in Figure 
13 and 14. Dark brown sediment units tend to occur below 27 cm where in the top section of 
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5.2 Core Stratigraphy. 
 
In this section, stratigraphic units within the core are described using the Folk and Ward (1957) 
classification scheme. 
 
Unit 1: The base of the sediment core consists of a dark brown unit approximately 3 cm thick 
(57.25-54.5 cm) (Fig. 13). The core texture is classified as a sandy mud with very fine sandy 
coarse silt dominating. Approximately 76.5 % of this layer is comprised of silt, followed by 
22.5 % sand with negligible portions of clay (Fig. 14). The grainsize distribution is well sorted 
and symmetrically skewed, while the kurtosis ranges from platykurtic at the bottom of the unit 
to mesokurtic at the top.  
 
Unit 2: Overlaying the dark brown unit is a lighter brown unit approximately 4 cm thick (54.5- 
51.5 cm) (Fig. 13). There is a transition to very fine sandy medium silt, coinciding with a brief 
transition to mud. There is a return to a sandy mud towards the top of the light band. Sand 
content is reduced (8.5 %) while silt content increased (89.6 %) in comparison to Unit 1 (Fig. 
14). The grainsize distribution is symmetrically skewed but poorly sorted, while its kurtosis is 
mesokurtic.  
 
Unit 3: Unit 3 returns to a dark brown unit in the overlying 5 cm of the core profile (51.5-45.5 
cm), alternating between very fine sandy coarse silt and very fine sandy medium silt. Although 
alternating, coarse silt is the dominant mean grainsize (Fig. 14). Sand content increased  
(20.3 %) in conjunction with a decrease in silt (78.4 %) in comparison to Unit 2. The grainsize 
distribution is symmetrically skewed but moving towards a coarse skew at the top of the unit.  
 
Unit 4: A light brown unit spanning approximately 8 cm in thickness overlies the preceding 
dark brown unit (45.5-38.0 cm). Although classified as a sandy mud with a dominant sediment 
type of coarse silt, very fine sandy coarse silt and very fine sandy medium silt tend to alternate 
throughout this poorly sorted layer. Silt content plateaus around 84 % along with an evident 
rise in clay (Fig. 14). Unit 4 consists of a dominant mesokurtic kurtosis along with a 
symmetrical skew.  
 
Unit 5: The core returns to a dark brown unit at 38.0-33.0 cm, with very fine sandy coarse silt 
dominating the mean grainsize. At the top of this layer, the grainsize distribution is coarsely 
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skewed with a transition in kurtosis from platykurtic to mesokurtic at the top of the unit (Fig. 
14). Silt content dominates Unit 5 (81.9 %) where a drop in clay is observed.  
 
Unit 6: Unit 5 is overlain by Unit 6 at 33.0-25.0 cm, characterised as the transition from sandy 
mud to mud. Silt content increases to 93.1 % with sand content reaching a low of 5.5 % (Fig. 
14). Unit 6 has a thickness of 2 cm, with the sediment overlain returning to a sandy mud with 
a very fine sandy coarse silt sediment texture. The frequency of grains of larger bin size classes 
were measured in the core throughout Unit 6 (Fig. 15). 
 
Unit 7: The core retains a light sediment layer for a thickness of 23.5 cm. Silt content decreases 
to approximately 72 % while sand increases to approximately 24 % (Fig. 14, 15). Clay steadily 
decreases, reaching levels close to 0 % towards the top of this unit. Unit seven has a dominant 
mesokurtic kurtosis along with a symmetrical skew. Whilst a unimodal, poorly sorted sequence 
prevails throughout the entire core, there are bimodal sequences towards the top of the core 
profile at a depth of 3 cm and 5 cm. 
 
Unit 8: The top of the sediment core consists of a green sediment unit at 1.5-0 cm (Fig. 13). 

















Figure 15: 2D contour plot depicting grainsize throughout the core. The colours represent the 
frequency of grainsize distribution in %/volume with red being the largest frequency and 





5.3 Loss on Ignition. 
 
Loss on ignition (LOI) is an indicator of organic content and is expressed here as such  
(Fig. 16). Organic content is highest in the lower section of the core, fluctuating around 
40-50 % by weight. At a depth of 27 cm, corresponding to an age of around 1500 A.D., organic 
content decreases dramatically to a low of 31 % before recovering over time to reach a 









5.4 Sedimentation Rate. 
 
Sedimentation rate adjusted for bulk density is expressed here in Figure 17. Sedimentation rate 
remains constant until approximately 1420 A.D. where the rate drops rapidly. Sedimentation 
rate then increases slightly although minor fluctuations do occur during sediment 
accumulation. Sedimentation rate plateaus at approximately 1550 A.D., remaining at a constant 
level of around 0.004 g/cm2/year through time until 1750 A.D. Major fluctuations in the rate 
of sediment accumulation and deposition occur following 1750 A.D., with the sediment rate 
increasing towards the top of the core profile. 
 
 




Inorganic and organic sediment flux is presented in Figure 18. The inorganic and organic 
components of flux fluctuate up until approximately 1400 A.D., with the inorganic portions 
peaking when organic portions decrease. At around 1400 A.D., both inorganic and organic 
sediment flux drop rapidly. At around 1480 A.D., both portions of sediment flux start to 
recover. Organic flux is shown to increase but plateaus around 0.002-0.003 g/cm2/yr, hence not 
reaching the flux levels that were apparent prior to 1400 A.D. Inorganic sediment flux 
significantly increases following 1500 A.D. but this peak is only brief, returning to a level 
similar to that of the organic content at around 1600 A.D. The inorganic and organic portions 
of sediment flux continue to follow a similar fluctuating trend up until the present. Although 
































Core chronology was provided using 210Pb and 14C dating techniques. 
 
5.5.1 Lead-210 (210Pb) Ages: 
 
Due to the irradiation of the long core, 210Pb analysis was undertaken on the gravity core in 
order to correlate the 210Pb dates obtained from the long core. The sediment organic content 
profile from both the long core and the gravity core were used to correlate the samples as shown 
in Figure 19. Two tie points at 2 cm and 10 cm were used to correlate the long core 210Pb 
unsupported activity with the gravity core 210Pb unsupported activity. 
 
Supported and unsupported 210Pb activity obtained to determine 210Pb dates for the age model 
are depicted in Table 4, with the results for the 210Pb dating further shown in Figure 20. The 
decay of 226Ra produces a natural background level of radiation within the sediment known as 
supported 210Pb activity, depicted in Figure 20a. The unsupported 210Pb activity determined in 
Figure 20b was achieved through subtracting the supported activity from the total activity 
(Appleby 2001). The log decay curve for unsupported activity is not perfect. High 210Pb activity 
is evident at the top of the core profile in Figure 20b, increasing in activity to a maximum of 
291±13 years at a depth of 5 cm. Following this increasing trend, the profile down core follows 
the expected exponential decreasing trend for radioactive decay. Natural background radiation 




































Figure 19: Correlation between the 210Pb unsupported activity gained from the long core and gravity core. The red dashed lines depict where the two tie points were used, linking where the unsupported 
activity was similar on the LOI profile for each core. 




































































Unsupported 210Pb Activity (Bq/kg)
Figure 20: a) Supported 210Pb Activity; b) Unsupported 210Pb activity. Both sets of data were used to 








Determining an accurate set of 210Pb ages requires a model to describe the distribution of 
radioactivity in the sediment profile. Two models of calculating 210Pb ages within the sediment 
core are presented in Figure 21. The Constant Initial Concentration (CIC) model is typically 
used for data where uniform sediment accumulation rates are apparent, hence following the 
radioactive decay trend (Appleby 2001). The Constant Rate of Supply (CRS) model is used 
where non-uniform accumulation is apparent, producing variation in the output of ages 
(Appleby 2001). The oldest calculated age for sediment using the CIC model was 170±9 years 
where a slightly younger age was concluded through using the CRS model, giving an age of 
166±37 years. With both the CIC and CRS data exhibiting strong linear trends (r2=0.997, 
r2=0.9904 respectively), the CRS model was concluded to be the best model in agreement due 
























Figure 21: 210Pb ages depicted by two models, CRS (blue) and CIC (orange). 
 
 
y = 0.1233x + 2.1359
R² = 0.9904





















5.5.2 Radiocarbon (14C) Ages: 
 
Returned radiocarbon ages are reported in Table 5. The returned ages became progressively 
younger from the basal sample towards the top of the sediment profile. This implies the lake 
shows a reliable chronological record of change. The basal date was 1084±176 cal. yrs BP 
meaning the core is late Holocene in age. A brief steepening of the age profile is apparent 
between starting at 39.75 cm, corresponding to an age of 646.5 ± 74.5 cal. yrs BP (Fig. 22). 
The steeped age profile implies an increase in sedimentation rate. The age profile tends to 
flatten out following the steep gradient, implying a slower accumulation of sediment before 
returning to a steepened profile towards the top of the core (Fig. 22). There were no apparent 












































5.5.3 Bayesian Age-depth Model. 
 
A Bayesian age-depth model was developed using the 210Pb and 14C dates using the program 
BACON. The model suggests Lake Marion has experienced a large linear growth rate during 
the past 1000 years (Fig. 23). As discussed previously, the older 14C dates have resulted in very 
minor steepening of the age-depth model below the limit that the 210Pb method can attain 
accurate ages. The age-model implies the deposition rate is broadly constant through time, 
except for the top less consolidated section of the core which was dated by 210Pb where core 








Figure 22: Radiocarbon ages returned for Lake Marion.  
 


































Dominating the assemblage throughout the core was Corynocera spp. (Fig. 24). Despite the 
diversity of Chironomini species within New Zealand, this taxon was only greatly represented 
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Using the constrained multivariate clustering analysis, two statistically significant chironomid 
zones were identified within the Lake Marion core (Fig. 25). The broken stick model identifies 
the two significant zones. The number of times the red line passes through the plot determines 
the number of zones. The red line passes through the plot once, hence one zone above and one 
zone below the line (Fig. 25). The main characteristics of the two major chironomid zones are 



















5.6.1 Zone One. 
 
Zone one is characterised by moderate diversity along with moderate variability compared to 
zone two, with only two taxon of significant interest (Fig. 24). The dominant taxon is 
Corynocera spp. followed by Macropelopini and Polypedilum. Corynocera spp. and 
Macropelopini are at their highest abundance in this zone. In the lower half of this zone, 
towards zone two, Chironomus spp., Cladopelma spp., Polypedilum spp. and Tanytarsus 
funebris are more abundant, while Macropelopini, Corynocera spp. and Ablabesmyia counts 
decrease. 





























5.6.2 Zone Two. 
 
Zone two is characterised by high diversity and high variability in chironomid species by 
comparison with zone one. The three dominant sub families of the chironomid taxa occurring 
in New Zealand were represented in this zone (Fig. 24). However, zone two is characterised by 
a lower abundance of many taxa, specifically the dominant taxa Corynocera spp. and 
Macropelopini, and a higher abundance of Chironomus spp., Cladopelma spp., Polypedilum 
spp., T. funebris, Naonella kimihia, Ablabesmyia, Pentaneurini and Cricotopus aucklandensis. 
Corynocera spp. is evident to recover, becoming dominant again after approximately 1700 
A.D. In the second half of zone two, Corynocera spp., Polypedilum spp., Chironomus spp., 
Cladopelma spp., T.funebris, T. vespertinus, N.kimihia and Macropelopini decline slightly but 
all are quick to recover towards the top of the lake profile. Furthermore, Ablabesmyia and 




A principal components analysis was undertaken on the chironomid results from Lake Marion. 
The first PCA axis accounted for 63.4 % of cumulative variation and the second axis accounted 
for 13.3 %. The PCA ordination identified that the key species, Corynocera spp. occupied 
opposite extremes along the first PCA axis compared to the other species (Fig. 26a). This is 
evidenced by Corynocera spp. having the highest positive score with Ablabesmyia having the 
lowest negative score (Fig. 26a).  
 
In terms of the second PCA axis, Macropelopini is characterised to have the lowest negative 
score while Cladopelma spp. has the highest positive score (Fig. 26a). The distribution patterns 
of the chironomid assemblage along the second PCA axis reveal that the transition period 
between zones one and two are located at more positive values within the ordination and 
comprise of fauna benefitting from the decline in the dominant species present in zone one 
(Fig. 26a). Furthermore, assemblages that are relatively stable, that is, not affected by the 










































Figure 26: a) Principal component analysis (PCA) chironomid species vector for the Lake Marion site. The arrow directions indicate which 
species are more common in PCA space. Species abbreviations: Co= Corynocera spp., Macro= Macropelopini, Ab= Ablabesmyia, Ca= 
Cricotopus aucklandensis, Pol= Polypedilum spp., Tvs= Tanytarsus vespertinus, Tft= Tanytarsus funebris, Nk= Naonella kimihia, Ch= 
Chironomus spp. and Cl= Cladopelma spp.; b) Fossil chironomid assemblages and time track for Lake Marion plotted in PCA space. Each 







5.6.4 Total Nitrogen (TN) Transfer Function Development. 
 
A modern New Zealand lowland lake chironomid training set along with the total nitrogen 
transfer function was employed to produce the WA and WAPLS total nitrogen models depicted 
in Figure 27. Whilst very similar in output, the weighted averaging (WA) model was 
considered the optimal model, producing the best bootstrapped performance statistics in 
reconstructed values (r2=0.78, RMSEP=0.19, maximum bias=0.19). 
 
The WA model using the RDA ordination indicated that total nitrogen was a significant 
environmental variable, explaining 14 % out of a total 63.4 % of the variation in the fossil 
chironomid species data (p value=0.002, F ratio=3.25, α≤0.01). There is variability in trophic 
status before and after the transition in chironomid assemblages. On average, trophic status is 











































































































































Figure 27: Chironomid PCA axis 1 and axis 2 scores and the WA and WAPLS model scores for total 
nitrogen. Note: black horizontal line depicts the two significant chironomid zones; red vertical line 
























































































































































































































Macrofossil results recorded in flux (species/cm2/yr) including aquatic invertebrates, terrestrial 
plants and aquatic plants are presented in this section and Figure 28. 
 
5.7.1 Aquatic Invertebrates. 
 
Freshwater Bryozoan sponge statoblasts that are expected to be found in freshwater lakes like 
Lake Marion (Francis 2001) were only evident in low concentrations at the top of the core 
profile. 
 
The flux of Hydrozetes spp. mites remain constant during the time period of 950-1250 A.D. 
until a rapid drop at approximately 1280 A.D. After approximately 1300 A.D, the flux of mites 
increases until the transition in chironomid assemblages from zone one into zone two at around 
1480 A.D. Following 1480 A.D., the flux fluctuates in lower abundance until increasing at 
1950 A.D. and 2014 A.D. 
 
Cases from the O. unicolor spp. fluctuate at a relatively high flux of 0.2-0.6 cases/cm2/yr until 
a rapid decline to around 0.02 cases/cm2/yr at around 1500 A.D. Following this, the flux 
recovers at 1650 A.D., by which time their abundance is similar to that before 1500 A.D. At 
around 1950 A.D, a sharp reduction in flux occurs but is shown to quickly recover towards the 
top of the lake profile. 
 
5.7.2 Terrestrial Plant Macrofossils. 
 
Fern sporangium flux is low (<0.1 sporangium/cm2/yr) prior to the transition is chironomid 
assemblage. The flux of fern sporangium increases after 1400 A.D. and remains at a constant 
level of 0.2-0.4 sporangium/cm2/yr until a drop in flux at around 1850 A.D. The flux of fern 
sporangium recovers at 1890 A.D., returning to the constant levels of 0.2-0.4 fern 
sporangium/cm2/yr towards the top of the lake profile. 
 
Dicot leaves, while variable with numerous peaks across the profile do not show any distinctive 
trend in distribution. Dicot leaves appear significantly around 1280 A.D., evident through the 
largest peak in flux but this emergence is only brief with the flux of leaves disappearing during 
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the transition from chironomid zone one to zone two. The flux of leaves whilst variable after 
the transition tend to increase following 1750 A.D. 
 
5.7.3 Aquatic Plant Macrofossils. 
 
Aquatic plants thought to be present within Lake Marion are only present in very low 
concentrations, occurring at variable stages throughout the lake profile. Isoetes spp. 
megaspores appear throughout chironomid zone two, disappearing around 1850 A.D. but 
recover a short time later at around 1900 A.D. Both Chara and Nitella spp. oospores were 
expected especially in the younger section of the profile (Woodward et al 2014). Whilst Chara 
spp. oospores are evident at the top of the lake profile, the flux is very low with a concentration 
of <0.2 species/cm2/year. Similarly, Nitella spp. oospores are evident in low concentrations of 
<0.2 species/cm2/year but appear in the older section of the lake profile, increasing to their 





































































































































































5.8 Macro Charcoal. 
 
Macroscopic charcoal flux is presented in Figure 29. The total flux of charcoal is low (< 0.01 
mm2/cm2/year) until 1350 A.D where an increase in flux begins. The initial low peaks of flux 
are followed by a dramatic spike to 0.3 mm2/cm2/year at approximately 1550 A.D. Fluctuating 
levels of total charcoal flux are evident following 1550 A.D. where at around 1890 A.D., the 
largest peak is produced with a flux of 0.39 mm2/cm2/year.  
 
A large proportion of the total count of macro charcoal flux has travelled less than 7 km from 
the initial site of burning. The small amount of flux (0.07 µm/cm2/year) at approximately 1500 
A.D. was deposited from a fire less than 100 m from the catchment boundary. When converting 
the total count of flux into total area, majority of flux was identified to have travelled less than 
7 km from the initial site of burning. A small amount of flux that has travelled less than 100 m 
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5.9 Lake Clearwater, Lake Emma, Māori Lakes and Diamond Lake ordination. 
 
The Māori Lakes (43°34’S, 171°10’E) are a collection of lakes at an altitude of 626 m.a.s.l; 
Diamond Lake (44.65°S, 168.96°E) lies at 380 m.a.s.l; Lake Clearwater (43°36’S, 171°02’E) 
is classified as a mesotrophic lake lying at an atlitude of 667 m.a.s.l and Lake Emma (43°38’S, 
271°06’E ) lying at 630 m.a.s.l is similarly classified as a mesotrophic lake (McWethy et al 
2010; Woodward et al 2014). 
 
PCA was used to compare the changes in chironomid assemblages present at Lake Marion with 
four New Zealand lowland lakes with comparable chironomid data. The first PCA axis 
accounts for 79.0 % of cumulative variation in the chironomid data within all sites including 
Lake Marion, and the second for 7.7 %.  The dominant taxa prior to human impact in the Lake 
Clearwater, Lake Emma and Māori Lakes records is Corynocera spp. (Fig. 30a). The PCA 
ordination reveals that Corynocera spp. has the highest negative score compared to the other 
species that occupy the opposite extreme along this PCA axis, tending towards higher positive 
values (Fig. 30a). The abundance of Corynocera spp. starts to decline within the three sites 
slightly before human impact commenced. Chironomus spp., T. funebris, T. vespertinus and N. 
kimihia become abundant following the decline in Corynocera spp. (Fig. 31a,b,d). The 
abundance of Corynocera spp. is shown to increase within the Lake Clearwater and Lake 
Emma records at the top of the lake profile, indicating a slow recovery of the lake to pre-
existing conditions (Fig. 31a-b). Māori Lakes is one site that shows an evident recovery to 
conditions prior to human arrival, with Corynocera spp. returning as the dominant species  
(Fig. 31d). 
 
The variation in chironomid assemblage at Diamond Lake is subtle but evidence suggests that 
a significant change has occurred (McWethy et al 2010). Before human impact, Corynocera 
spp., Cladopelma spp., C. aucklandensis and T. vespertinus were evident to dominate (Fig. 
31c). The chironomid species assemblage indicates a shift in the environment following human 
arrival, with N. kimihia dominating and Cladopelma spp. and T. vespertinus decreasing (Fig. 
31c). A return of Cladopelma spp. and Corynocera spp. which dominated before human 








































Figure 30: a) Principal component analysis (PCA) chironomid species vector for the Lake Clearwater, Lake Emma, Diamond Lake, Māori 
Lakes and Lake Marion. The arrows direction indicates which species are more common in PCA space. Species abbreviations: Co= 
Corynocera spp., Li= Limnophyes spp., Ca= Cricotopus aucklandensis, Ch= Chironomus spp., Tvs= Tanytarsus vespertinus, Nk= Naonella 
kimihia, Tft= Tanytarsus funebris, Macro= Macropelopini, Ab= Ablabesmyia, Pol= Polypedilum spp., and Cl= Cladopelma spp.; b) Fossil 
chironomid assemblages and time track for each site plotted in PCA space. Each sample is connected by a line in order of time. Note: the 







































Figure 31: Chironomid assemblages from a) Lake Clearwater, b) Lake Emma, c) Diamond Lake, d) Māori Lakes and e) Lake Marion. 
Each sample’s location is determined from the PCA chironomid species vector in Figure 29a. Each sample is connected by a black line 











Chapter 6. Discussion. 
 
The Lake Marion catchment is forested, therefore it has been assumed that there has been 
minimal impact within the catchment area. This suggests that Lake Marion could be a 
considered a “pristine” lake ecosystem. New Zealand was the last major island inhabited by 
the Polynesians, therefore contributing to the idea that it is still considered relatively pristine 
(Wilmshurst et al 2008). In order to achieve the aim and the objectives of this study, an age 
model was developed for the studied core using the R package software BACON. Additionally, 
several paleo and environmental proxies attained within the sediment profile along with 
grainsize analysis were analysed in order to provide an accurate account of the paleoclimate 
and paleoenvironmental changes in this aquatic ecosystem through time. Some of the proxies 
presented in this thesis, however, indicate a major change in the sedimentation record and a 
statistically significant change in the lake ecosystem at approximately 1480 A.D., implying 
that Lake Marion has experienced disturbance in the past. The question regarding this 
disturbance at around 1480 A.D. is whether a changing climate or the arrival of the Māori at 
this time has caused this impact.  
 
6.1 Pre Māori impact and the Medieval Warm Period (MWP) driving climate. 
 
Prior to the proposed date of Māori impact at around 1480 A.D., only a low abundance of 
macro charcoal flux sized between 126-1000 µm in diameter was recorded in Lake Marion 
(Fig. 29). The early charcoal peaks predate the likely date of Māori arrival, indicating that this 
evidence is most likely to be from natural fires. Although natural fires were considered to be 
rare, the MWP, beginning around 1000 A.D. and ending around 1300 A.D. was described as a 
relatively warm epoch (Cook et al 2002). This indicates that the warmer weather may have 
contributed to the ignition of a natural fire. Tree-line chronology undertaken at Oroko Swamp 
concluded two warm periods within this timeframe, the first being around 1137-1177 A.D. and 
the second around 1210-1260 A.D. (Cook et al 2002). An orographic rain shadow effect can 
influence the precipitation regime, resulting in drier climate on the eastern side of the Alps. 
While this is the case, atmospheric circulation changes during the mid-late Holocene created 
what is thought to be more extreme precipitation and temperature changes along the Southern 
Alps, including less precipitation and drier conditions (Lorrey et al 2008). The relatively small 
charcoal peaks indicate that this area may have been subject to a persistent ‘blocking regime’, 
whereby increased quasi-stationary anticyclones block the normal west-east circulation over 
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the South Island. This leads to increased easterly winds which would be expected to increase 
precipitation on the eastern side of the Alps. This affect can be observed operating over short 
periods in New Zealand today (Sturman et al, 1984; Sturman & Tapper 1996, Marx & 
McGowan 2005), however it thought to have occurred more persistently during the MWP 
(Rogers et al 2007; Lorrey et al 2008). Although deemed rare, storm events including lightning 
strikes may have been an ignition source during the phase of increased precipitation, suggesting 
natural regional fires were present but the increased precipitation within the area may have 
diminished them very quickly (Rogers et al 2007; Lorrey et al 2008). 
 
Extra-local or regional Māori burning is inferred from the significant increase in macroscopic 
charcoal flux which occurred from approximately 1350 A.D., as shown in Figure 29. This date 
is later than the range of dates typically used to define the period when Māori settlement 
occurred. For example Wilmshurst et al (2008) concluded Māori settlement was likely to have 
occurred earlier at around 1280 A.D, as recorded from rat-gnawed seeds. The possible later 
Māori impact in the wider catchment area can be attributed to the convoluted and steep 
topography surrounding Lake Marion. Trade routes linking the east and west coast of the South 
Island can provide key information regarding the arrival and subsequent settlement of the 
Māori population (Jones 1994). The steep mountainous country surrounding Lake Marion and 
the remoteness from rivers and coastal terraces may have rendered this area unsuitable for 
trading routes. The topography of this landscape therefore implies that there was no pressure 
for Māori settlers to burn this area during the initial settlement phase around 1280 A.D. (Jones 
1994). Human predation of the Moa, a large bird species led to the destruction of habitat in 
lowland areas along the coastline (McGlone 1989). Archaeology evidence suggests that the 
Moa became extinct due to human predation whereby the loss of this significant source of prey 
led to a competition of resources, hence driving the destruction of land to higher mountainous 
areas (McGlone 1989). This implies that burning started to occur in parts of the landscape that 
were not selected earlier in order to find a new food source, abandoning settlement in coastal 
regions and moving into mountainous areas like that surrounding Lake Marion. The evidence 
of small particles around this time can also suggest burning occurring outside the catchment 
area. For example, a period of intense burning at around 1370 A.D. was recorded at Horseshoe 
Lake, located approximately 7 km north east of Lake Marion (McWethy et al 2010) and could 




6.2 Potential arrival of Māori and likely impacts of the Little Ice Age (LIA). 
 
Macro charcoal particles greater than 1000 µm in diameter, are likely to be deposited less than 
100 m from their source, according to the Gaussian plume models devised by Clark and 
Patterson (1997). Particles of this size were deposited in Lake Marion around 1500 A.D., 
indicating burning occurred within the Lake Marion catchment (Fig. 29). The size of macro 
charcoal particles coupled with favourable climatic conditions and the severity of the fire can 
influence their aerial transport (Whitlock & Larsen 2001). The lightweight nature of charcoal 
particles make the distance travelled aloft highly variable, inferring that the source of the 
charcoal may not be derived from a local fire within the catchment boundary (Whitlock & 
Larsen 2001). Macro charcoal accumulation within lake sediments may be derived from 
regional or extralocal fires (Whitlock & Larsen 2001). Evidence attained from a study 
undertaken by Whitlock and Millspaugh (1996) conclude charcoal particles greater than 125 
µm in diameter, derived from the 1988 fire in Yellowstone National Park, had accumulated in 
a number of studied lakes less than 7 km from the initial ignition point in the National Park. 
This implies that the macro charcoal flux deposited in Lake Marion from a fire event have been 
transported from quite short distances, i.e. <10 km. This distance however, is larger than the 
size of the Lake Marion catchment, indicating that this charcoal may have been associated with 
fires in adjacent catchments. This may imply that there was no major fires induced by Māori 
burning within the Lake Marion catchment.  
 
The increase of local charcoal correlates to the timing of the Initial Burning Period that lasted 
from 1280 A.D to 1600 A.D. (McWethy et al 2010). There is an increase in fern sporangium 
flux during the time of local catchment burning, indicating an opening up within the catchment 
vegetation and a reduction in the flux of dicot leaves, implying an increase in fern species and 
likely decrease in forest vegetation (Fig. 28). This evidence coupled together is suggested to 
be from Māori burning. Although fern sporangia are not species specific, many fern species 
are indicators of succession after a disturbance and it is suggested that these fern sporangia 
could be associated with the conifer P. esculentum, commonly known as Bracken Fern which 
constituted a part of the Māori diet (McGlone et al 2005). The loss of tall forest pollen 
percentages in conjunction with an increase in P. esculentum spores are reported at Hawkes 
Bay in the North Island, indicating bracken to dominate the pollen record until approximately 
1840 A.D. (Wilmshurst 1997). The dominance of bracken in the pollen record at Nelson in the 
north of the South Island is attributed to its network of fibrous rhizomes spanning deep 
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underground, enabling this species to be a persistent and fire-prone cover of vegetation in dry 
areas (McGlone 2005). The evidence of bracken being a common signature to clearance in 
New Zealand can suggest that the fern sporangium identified in the Lake Marion record can be 
interpreted as P. esculentum sporangia. The absence of dicot leaves suggest a forested canopy 
of vegetation was cleared. The leaves of F. cliffortiodes, the most common species in the 
catchment area are dicot, further implying a clearance event to have occurred. Although there 
is evidence of anthropogenic burning within the Lake Marion catchment, it is after the date of 
suggested Māori impact obtained from the sedimentation record and other proxies. For Māori 
impact to have been plausible, macro charcoal flux suggesting local Māori burning would have 
had to have been deposited at or slightly before 1480 A.D. Although there may have been a lag 
in the record, this evidence is not shown in the macro charcoal record for Lake Marion, 
implying that climatic influences, in particular the Little Ice Age may have played a role in the 
burning of this catchment instead. 
 
The overall trend of the sedimentation rate after around 1400 A.D. has decreased substantially 
in comparison to the rate that was apparent before this time (Fig. 17). The rapid drop in 
sedimentation rate and the sediment organic content at around 1400 A.D. correspond to the 
beginning of the Little Ice Age (LIA). The LIA was a cold and wet event and is expected that 
a greater sediment production from cold climate processes would be apparent (Lorrey et al 
2008). For example, an increase in storm events commonly associated with the LIA may have 
resulted in more snow and periglacial activity within the catchment area, producing more 
sediment and snow and increasing runoff into Lake Marion. However, the Lake Marion record 
shown in Figure 17 indicates a reduction in sedimentation rate, suggesting less sediment being 
delivered to the lake. Whilst the LIA is characterised by cooler and wetter conditions, recent 
studies have recorded changes in the Southern Hemisphere westerlies observed in South 
America and Tasmania, Australia around this time up until 1900 A.D. (Saunders et al 2012; 
Bertrand et al 2014). If the change in westerlies were to occur in New Zealand during this time, 
the rain shadow effect would have been enhanced therefore reducing precipitation at Lake 
Marion. This indicates that the drying of this landscape would have produced less sediment 
due to both less physical and chemical weathering. These changes would result in a reduction 
in the sedimentation rate in Lake Marion following the start of the LIA.  
 
Although an overall reduction in sedimentation rate is observed, sedimentation rate increases 
around 1480-1500 A.D., coinciding with a rapid decrease in organic content (Fig. 17). This 
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indicates either a pulse of eroded sediment may have been deposited into Lake Marion or 
reduced catchment productivity. Mass movements are shown to occur in the catchment, i.e. 
landslide scars are evident along the eastern side of the catchment and therefore may have 
resulted in this peak in eroded sediment in the past. The increase in sand at this time can suggest 
an increase in catchment runoff. The increase in runoff is further suggested due to the poorly 
sorted sediment of larger grain size deposited after this time (Fig. 14). A large peak in charcoal 
flux attributed to local burning occurs around 1500 A.D., indicating that this storm event may 
have induced burning through a natural ignition source like lightning, increasing charcoal flux 
and hence flushing the charcoal and the pulse of inorganic sediment into the lake. Furthermore 
this is also attributable to dryer vegetation and increased flammability, leading to the increase 
in macro charcoal flux during this time. 
 
The change in the sedimentation record occurs before the direct evidence of local Māori 
burning, contrasting with previous studies of New Zealand lakes and catchments including 
those of McGlone (1989), McSaveney and Whitehouse (1989) and Woodward et al (2014) who 
have indicated deforestation to be the primary factor for pulses of erosion. Catchment 
topography is thought to play an important role in determining whether erosion is attributed to 
Polynesian-induced landslide occurrence (Glade 2003). Erosion is likely to be more significant 
in a steeper sloping catchment, like that of Lake Marion. In other steep catchments it has been 
demonstrated that forest clearance/thinning can temporarily enhance erosion (Wilmshurst 
1997). For example, a significant erosion pulse containing a high percentage of inwashed 
sediment at the time of Māori burning is evident at Lake Tutira on the east coast of the North 
Island (Wilmshurst 1997). The increased sedimentation rates reported in that study suggest that 
catchment vegetation was inextricably linked to the stability of the soil, largely due to the 
amount of moisture the soil could hold in conjunction with the root binding properties of the 
tall woody forest and fern-scrubland (Wilmshurst 1997). Similar to Lake Tutira, further studies 
undertaken at Lake Waikopiro and Lake Rotonuiaha indicated a slight increase in 
sedimentation rate and channel erosion following the transition to fern/scrub vegetation, 
causing instability of the catchment area due to the loss of vegetation (Page & Trustrum 1997). 
The sedimentation record in Lake Marion does not match this trend however. It implies that 
the major driver of changes in sediment delivery are instead related to climate variability. 
 
Around the same time as the sedimentation rate decreases in the Lake Marion core, the PCA 
ordination of the chironomid assemblages (Figure 26b) shows a distinct change at 
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approximately 1480 A.D. It was first thought that this significant change in assemblage was 
due to Māori arrival. The distinct change in chironomid occurs slightly before evidence of local 
burning in the catchment (at 1500 AD), therefore chironomid faunal changes are likely to be 
attributable to the climatic changes during the LIA. The minimal overlap in species 
composition between the two zones highlights the significance of this change. Species that 
were once dominant including Corynocera spp. and Macropelopini have declined, with 
Chironomus spp., Cladopelma spp., Polypedilum spp., T. funebris, N. kimihia, Ablabesmyia, 
Pentaneurini and C. aucklandensis becoming abundant. The change in species implies that the 
chemistry of the lake has been altered with an increase in nutrients for example Total Nitrogen 
(TN) likely to have contributed to this change in the aquatic ecosystem (Fig. 27). TN is 
considered the best and essential proxy to determine trophic status, largely as productivity in 
New Zealand lakes is TN limited (White et al 1985). Lake Marion records a drop in organic 
content beginning at around 1480 A.D. (Fig. 26) This is an indicator of a short pulse of eroded 
sediment entering the catchment basin, enriching the lake with different nutrients that may be 
present within the organic material. As we have inferred that TN has increased around this time 
we can speculate that the influx of nutrients may have included TN, causing this response of 
chironomid and macrofossils change in the aquatic ecosystem. As there is an increase in 
abundance of eutrophic species, in particular Polypedilum spp. and C. aucklandensis, it further 
suggests that an increase in nutrients can trigger eutrophication, changing the chironomid and 
macrofossil assemblage and inducing the growth of macrophytes due to a more conductive, 
productive and nutrient enriched ecosystem (Schakau 1990; Fahey & Jackson 1997a; 
Woodward 2013).  
 
There is an increase in Polypedilum spp. at the start of zone two at approximately 1480 A.D. 
(Fig. 24). The results of previous work at Diamond Lake near Wanaka in the Otago region has 
suggested that an increase in the concentration of nutrients can result in an ecosystem with an 
increased conductivity and algal productivity, hence changing the chironomid fauna (McWethy 
et al 2010). That species feeds on planktonic algae and inorganic particles, conditions 
favourable following the drop in organic content and increase in inferred TN (Boubee 1983). 
A decrease in Cladopelma spp. along with an increase in abundance of C. aucklandensis at the 
start of zone two is evident in the stratigraphic diagram presented in Figure 24. A similar 
response is evident at Diamond Lake following a deforestation event in its catchment area, 
concluding Cladopelma spp. to be associated with low nutrient and benthic environments and 
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C. aucklandensis to thrive in environments with increased conductivity and nutrient influxes 
(McWethy et al 2010). 
 
Following the transition to zone two, there is an increase in the abundance of N. kimihia  
(Fig. 24). This change in the chironomid record can be compared to similar studies undertaken 
at Lake Grassmere (Schakau 1990), Diamond Lake (McWethy et al 2010) and Lake Emma and 
the Māori Lakes (Woodward et al 2014). In those studies, a dominance in the abundance of  
N. kimihia was attributed post Māori impact. The studies speculate that the dominance of N. 
kimihia is attributed to a bloom in submerged macrophytes caused by the TN nutrient 
enrichment triggered by Māori burning (Schakau 1990; Woodward et al 2014). At Māori Lakes 
it was found that fossilised mericarps from the macrophyte Myriophyllium were more abundant 
following Māori settlement in conjunction with a peak in flux of Chara oospores from the 
charophyte Chara coralline (Woodward et al 2014). At Lake Marion, however, aquatic plant 
macrofossils, including Isoetes spp. megaspores, Chara spp. oospores and Nitella spp. 
oospores were scarcely detected and the few individuals found were not associated with the 
timing of the suggested initial Māori impact or at around 1500 A.D. (Fig. 28).  
 
In general, an increase in particular aquatic invertebrates including O. unicolor cases and 
Hydrozetes spp. mites are also likely to be associated with high abundance of macrophytes as 
identified locally at Lake Alexandria (Talbot & Ward 1987) and globally at Kråkenes Lake in 
western Norway (Solhøy & Solhøy 2000). However, in Lake Marion these fluctuate (Fig. 28), 
that is, Hydrozetes spp. mites increase in along with the recovery of O. unicolor cases following 
the transition from chironomid zone one to zone two. 
 
It can be speculated that taphonomy of plant macrofossils has played a role in Lake Marion. 
The main factor of the taphonomy of aquatic plant species in contrast to faunal species is that 
aquatic plant species remain static during their life cycle (Greenwood 1991). This reveals plant 
species may not grow uniformly over the lake floor therefore when extracting a sediment core 
from a lake, the core may not encounter any blooms or remnants of macrophytes (Greenwood 
1991). With the effects of taphonomy speculated in Lake Marion and the evidence provided in 
terms of changes in the chironomid assemblage, changes in invertebrate macrofossils and the 
significance of the nutrient TN in Lake Marion, a bloom in macrophytes following 1480 A.D. 
is implied, further triggering eutrophication like Sckakau (1990) speculated. The question 
arises as to why there would be a sustained eutrophication period from only a pulse of sediment. 
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The reconstruction shows a continued increase in TN following the first major influx, 
indicating that clearance could have led to the increase in flux of other dissolved nutrients such 
as nitrates and total and reactive phosphorus (TP) (Fig. 27). It can be speculated that nutrients 
can be transported through other vectors including birds (Woodward 2013). Clearance in the 
wider landscape may have made Lake Marion an ideal habitat when the catchment vegetation 
started to recover. In a study of Alexander Lake in the northwest of the South Island, it was 
concluded that Paradise Shel-ducks (Tadorna variegate Gmelin) became abundant following 
the clearance with the lake being an ideal moulting site (Woodward 2013). The nutrient loading 
for this bird species on the lake was high compared to that of agricultural sources, indicating it 
was enough to cause a significant change in nutrient levels within the lake especially in terms 
of TN and TP (Woodward 2013). The influx of TP from this bird species was suggested to 
trigger algal blooms (Microcystis), indicating that this change in bird behaviour could have 
occurred at Lake Marion due to the increase in chironomid faunal species which thrive on algae 
to survive (Woodward 2013). 
 
6.3 European induced change and/or climate amelioration. 
 
European settlement and expansion in New Zealand occurred at the start of the 19th century, 
incurring large scale conversion of forest to pastureland (McGlone et al 1995). Following 
European settlement, soil erosion and sedimentation rapidly increased due to the removal of 
soil stabilising vegetation on hill and back country areas (Wilmshurst 1997). Deforestation post 
European settlement is clearly distinguished in the sediment record through the rapid increase 
in macro charcoal flux, higher sedimentation rates and a change in the organic and inorganic 
components of the sediment (McGlone et al 1995; Goff & Chagué-Goff 1999; McWethy et al 
2010; Woodward et al 2014). The replacement of forest to pasture decreased the stability of 
underlying regolith, leading to the hill areas becoming susceptible to landslide events and 
erosion (Glade 2003). 
 
There is little direct evidence of a European signal within the Lake Marion catchment. There 
is no consistent change after European arrival in terms of the fire regime. Charcoal particles 
within the range of 126-1000 µm in diameter are present in Lake Marion sediments dated to 
the start of 1850 A.D. until present and do not fluctuate within this period (Fig. 29). The 
consistent size of these charcoal particles implies that these particles have travelled into Lake 
Marion from a distance of about 7 km or less from the initial ignition point of a regional or 
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extra-local fire according to the Gaussian plume models (Clark & Patterson 1997; Whitlock & 
Larsen 2001). This indicates that European-induced burning was unlikely to have occurred 
within the Lake Marion catchment. 
 
The charcoal results in Lake Marion contrast with the general history of increasing evidence of 
fire in the New Zealand landscape after European arrival as suggested by both historical 
accounts and paleo records (McGlone et al 1995; Goff & Chagué-Goff 1999; Woodward et al 
2014). An influx of charcoal particles at Lake Tutira and Lake Rotonuiaha around 1870 A.D. 
and emergence of exotic pollen indicate a clear burning event, decreasing the woody vegetation 
and transforming the land to pasture vegetation (McGlone et al 1995). Increased sedimentation 
rates are evidenced at wetlands within Abel Tasman National Park, identifying that the clearing 
of vegetation through burning has decreased the stability of the underlying regolith, inducing 
landslides and therefore increasing pulses of erosion (Goff & Chagué-Goff 1999). Furthermore, 
Woodward et al (2014) similarly identify peaks in macroscopic charcoal flux beginning at 
approximately 1870-1900 A.D. from Lake Emma, Lake Clearwater and Māori Lakes, implying 
European induced clearance. 
 
As there is no direct evidence of a European signal from the results attained from charcoal 
analysis, changes in the climate are considered as the primary factor responsible for other 
changes recorded in the core around the time of European settlement, most notably the 
sedimentation rate. At around 1850-1900 A.D., the sedimentation rate and organic content of 
the soil increases, returning to a rate similar to that was experienced prior before 1400 AD (Fig. 
16, 17). The timing of initial European settlement coincides with the end of the LIA and a 
return to a climate similar to that of the MWP observed prior to 1400 A.D. (Ahmed et al 2013). 
As the climate has warmed during the 20th century, a consequent increase in rainfall has 
occurred due to the changes in atmospheric circulation along with New Zealand’s complex 
topography (NIWA 2016a). There have been two major atmospheric circulation changes 
during the 20th century at approximately 1950 A.D. and 1975 A.D. (Salinger & Mullan 1999). 
Prior to the first circulation change at around 1930-1950 A.D., south to southwest flows 
occurred, inducing wetter conditions in the northeast of the South Island (Salinger & Mullan 
1999). At around 1950 A.D. and continuing through to around 1975 A.D., air circulation 
change to east and north-easterly flows, producing a drier climate in the northeast and southeast 
of the South Island (Salinger & Mullan 1999). These changes appear to be recorded in the 
sedimentation rate in Lake Marion catchment at 1950 A.D. (Fig. 17). Following 1975 A.D., 
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the airflows change to west to south-westerlies, increasing precipitation rates in the north and 
southeast of the South Island until around 1994 A.D. (Salinger & Mullan 1999). This can also 
be observed as an increase in sedimentation rate in Figure 17. The increase in the delivery of 
sediment into Lake Marion could possibly imply an increase in landslide activity (the frequency 
of which are linked to precipitation), with sediment pulses having previously been linked to 
landslide activity within lakes (Glade 2003).  
 
European settlement and associated resource use also appears to have had little impact on 
chironomids within the Lake Marion catchment, in contrast to the extent of change evidenced 
around 1480 A.D. which was largely attributed to climate. A statistically significant 
chironomid zone was not identified within the Lake Marion record following European 
settlement. Although the chironomid assemblages following European settlement are not 
considered to be statistically significant, trends in particular chironomid species are present. 
Through the TN reconstruction, TN is inferred to increase around 1900 A.D., coinciding with 
the increase of inorganic sediment delivery into Lake Marion (Fig. 27). This suggests that 
sediment delivery into Lake Marion from an increase in precipitation is a factor influencing 
TN. It further infers that the influx of TN may have enriched the lake, contributing to the slight 
variation within the chironomid assemblage. 
 
The role of sediment delivery in influencing chironomid assemblages is further illustrated by 
the patterns in fossil Polypedilum spp. abundance. This species, which is dependent on algae 
for survival, shows a peak in abundance following the spike in TN around 1900 A.D., further 
suggesting a nutrient enrichment event and increase in inorganic content (Fig. 24) (Boubee 
1983). A similar increase in C. aucklandensis is evident after 1900 A.D. to that of a study at 
Diamond Lake, implying the lake ecosystem has become highly conductive and effected by 
the increased nutrient inputs from a delivery of sediment (McWethy et al 2010). Evidence of a 
peak in TN and the rise of N. kimihia within the Lake Marion record suggests eutrophication 
may have played a role in the lake ecosystem following European arrival. Studies completed 
at Lake Grasmere (Schakau 1990) and Lake Emma, Lake Clearwater and Māori Lakes 
(Woodward et al 2014) have suggested eutrophication or ecological instability following an 





Although absent from the Lake Marion record following the changes described at around 1480 
A.D., the macrophyte Isoetes spp. and the charophyte Chara corallina become abundant but 
only for a short period following the suggested time of European impact beginning around 
1840 A.D. (Fig. 27). This brief bloom in macrophyte and charophyte species suggest a change 
in the water chemistry of Lake Marion. An increase in TN is inferred from the TN 
reconstruction, implying that the increase in sedimentation rate from an increase in 
precipitation and subsequent landslide effect has induced the growth of macrophytes and 
maybe leading to another eutrophication event. An increase in Hydrozetes spp. mites are 
recorded with their abundance after 1900 A.D. the highest recorded in the Lake Marion record. 
This further provides evidence for eutrophication as is known to be associated with the rise in 























Chapter 7. Conclusion. 
 
The aim of this study was to examine the paleo-environmental record of Lake Marion, with 
specific objectives to determine if there are any signals of human impact apparent within this 
remnant forested catchment, and to investigate the impact of the paleoclimate within the 
context of the potential human disturbance. There is evidence of landscape alteration 
attributed to human impact through the analysis of the proxy of macro charcoal. At around 
1500 A.D., local burning within the catchment is apparent, suggested to be that from Māori 
arrival. This burning is within the timeframe of the IBP observed in previous studies of New 
Zealand lakes and coincides increases in fern sporangium, implying an association with the 
conifer P. esculentum and the absence of dicot leaves suggested to be that of F. cliffortiodes, 
indicating deforestation and an opening up within the vegetation. Although this evidence is 
apparent, the rapid decrease in sedimentation rate and significant change in the chironomid 
assemblage occurs before local burning at around 1480 A.D., indicating that the paleoclimate 
may have impacted this catchment rather than the arrival of the Māori. The total area of local 
burning is not large enough to cause a major change in the catchment. Enhanced westerlies 
during this time are reasonable evidence for inducing these changes in sediment delivery and 
initiating a natural fire event. Changes in the Southern Hemisphere westerlies may have 
enhanced the rain shadow effect, implying reduced precipitation, drying of the landscape, 
initiating local fires and producing less sediment being delivered to the lake.  
 
A statistically significant change in chironomid assemblage at approximately 1480 A.D. was 
evident through a multivariate cluster analysis. This change corresponds to the sedimentation 
record, indicating that the changes observed are due to the paleoclimate rather than Māori 
arrival. Analysis of the chironomid faunal data implies that the chemistry of the lake has been 
altered. Through the TN reconstruction, TN is inferred to have increased, further confirming 
the suggested pulse of erosion indicated through the drop of organic content and increase in 
sedimentation rate. The significance of TN in the lake has caused a period of eutrophication, 
changing the chironomid and macrofossil assemblage due to a more conductive and productive 
ecosystem. Spikes in TN in the lake record correlate to chironomid faunal species that thrive 
in nutrient enriched environments. Chironomid records from similar studies have all displayed 
an increase in abundance of N. kimihia following post-human impacts. Previous studies 
demonstrated an association between N. kimihia, aquatic invertebrates including Hydrozetes 
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spp. mites and a bloom in submerged macrophytes. There was an absence of macrophytes 
within the Lake Marion record, concluding taphonomy to have played a role within this lake 
ecosystem. 
 
There is no direct evidence suggesting European settlement in the Lake Marion catchment. 
There is no evidence of large charcoal particles within the Lake Marion record during the time 
of European settlement, indicating there was no local burning from an anthropogenic influence. 
This is evident to contrast with macro charcoal records from previous studies which all record 
a European-induced burning event to have occurred. A change in the paleoclimate is evidenced 
to have caused the increase in sedimentation rate to a level that was experienced prior to human 
impact. The beginning of European settlement coincides with the end of the Little Ice Age and 
a return to a climate similar to that of the Medieval Warm Period observed prior to 1400 A.D. 
Atmospheric circulation changes during the 20th century have cause periods of increased 
precipitation, driving the delivery of sediment into Lake Marion. There was no statistically 
significant chironomid zone identified within the Lake Marion following European settlement, 
further concluding no human disturbance to this aquatic ecosystem in this period. A peak in 
TN is inferred around 1900 A.D., coinciding with the increase in inorganic sediment being 
washed into the lake. Although no significant change in chironomid fauna, a slight increase in 
chironomid faunal species who survive in high nutrient level environments is demonstrated, 
suggesting a small eutrophication event to have played a role. A brief abundance of 
macrophytes and aquatic invertebrates are detailed in the Lake Marion record, further 
suggesting a change in the water chemistry from the change in sedimentation record. 
 
7.1 Further Study and Recommendations. 
 
As time was considered a limiting factor, further studies using paleolimnological techniques 
will continue to provide more information regarding how Lake Marion has responded to 
anthropogenic influences. As the change in chironomid assemblage was only subtle, further 
multi-proxy analysis must be undertaken to solidify the findings regarding Māori burning. The 
chironomid counts undertaken in this study were completed in two rounds, each extracting a 
target of 50 head capsules. The trends identified in the first round were replicated upon repeated 
sub-sampling in the second round, giving confidence that this method is useful for dealing with 
high chironomid head capsule numbers. Although this method is promising, a future test of the 
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accuracy of the chironomid sub-sampling method would be recommended to compare counts 
from random sub-samples. Analysis of pollen within the sediment core will determine changes 
in the vegetation of the catchment area as well as in the regional landscape to infer past 
environmental change. 
 
It was expected that macrophytes were to be identified under the binocular microscope when 
undertaking the analysis of macrofossils. Macrophytes are considered common in a lake 
ecosystems following nutrient enrichment following a clearance event but were absent within 
the samples analysed (Woodward et al 2014). As a result, it led to relying on the additional 
analysis within the core to only infer plausible scenarios, assuming that macrophytes were 
present with taphonomy playing a role. A future project looking at taphonomy of macrofossils 
from aquatic plants in New Zealand lakes is recommended using techniques including a 
vegetation survey and collection of surface sediment samples. 
 
In regards to the chironomid-based TN reconstruction, the WA model found that TN was a 
significant environmental variable explaining 14 % out of a total 63.4 % of variation in the 
fossil chironomid species data. The limitation identified within the result of the reconstruction 
is that there is still 49.4 % of change within the chironomid assemblage that still needs to be 
explained, therefore was only able to draw on a limited amount of information in order to infer 
possible explanations as to what occurred. Additional analysis of the significance of 
environmental parameters including Chlorophyll α, water depth, temperature and total 
phosphorus is crucial for addressing the variation in fossil chironomid species data through 
time. Determining the significance of these environmental parameters can further infer whether 
macrophytes were in fact present in Lake Marion, hence making the influence of taphonomy 
plausible. 
 
Undertaking stable isotope analysis, in particular oxygen isotope compositions will be a useful 
source of information for further study due to this technique allowing for changes in lake water 
isotope composition to be obtained, inferring changes in temperature. Analysing the C:N ratio 
of the stable isotopes δ13C and δ15N can further quantify trophic structure and indicate the 
source of organic material within the lake. 
 
The total lifespan of the tree species present in the catchment area surrounding Lake Marion is 
approximately 350-380 years (Norton et al 1987; Lusk & Smith 1998). This can infer that the 
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catchment could have previously been disturbed by burning but is in disguise with a complete 
recovery of a forested catchment. Tree coring is another future direction for this study in order 
to determine how old the catchment vegetation is and to determine if there is any evidence of 
possible fire scars to further conclude that there was burning in the catchment. 
 
It is difficult to differentiate the effects of natural impacts from those caused by anthropogenic 
change with the notion of what is natural introducing various environmental and scientific 
implications (McGlone 1989). Climate events, for example the LIA and natural events, for 
example landslides and earthquakes result in sedimentary signals that in some cases could 
otherwise be attributable to human impacts. The danger for the early human part of the Lake 
Marion record is that natural events are not so well documented. In addition, the two sets of 
processes can be intertwined, for example vegetation clearing makes the landscape more 
susceptible to mass movement (landslides) events with the direct driver to possibly have been 
a particularly large rainstorm. Although evidence suggests that the frequency of natural fires is 
low, the LIA during the suggested time of Māori impact and the enhanced westerlies could 
have induced a drier landscape, hence making the vegetation susceptible to fire (Williams 
2009). With only a few paleolimnological studies undertaken on New Zealand lakes, more 
forested catchments like Lake Marion must be studied in order to increase our knowledge of 
how forested lake catchments have responded to varying anthropogenic influences throughout 
the Holocene. The multi-proxy analysis provided in this study along with the further 
recommendations outlined will refine the uncertainty regarding what is considered a natural 
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Appendix A. Stratigraphic diagram of the Lake Marion chironomid record 
distinguishing the two significant zones and including species that were excluded, i.e. 





































































































































































































































































































Appendix B. Invertebrate, aquatic and terrestrial plant macrofossil flux including 
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